Gas and Dust in Galactic Planetary Nebulae at Sub-Solar Metallicity by Pagomenos, George
Open Research Online
The Open University’s repository of research publications
and other research outputs
Gas and Dust in Galactic Planetary Nebulae at
Sub-Solar Metallicity
Thesis
How to cite:
Pagomenos, George (2019). Gas and Dust in Galactic Planetary Nebulae at Sub-Solar Metallicity. PhD thesis
The Open University.
For guidance on citations see FAQs.
c© 2018 The Author
Version: Version of Record
Link(s) to article on publisher’s website:
https://drive.google.com/file/d/1wKDTzpp87LQPAbsS0OZ45eT59LQXUmjX/view?usp=sharing
Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.
oro.open.ac.uk
Gas and dust in Galactic planetary
nebulae at sub-solar metallicity
George James Steven Pagomenos
School of Physical Sciences, Faculty of STEM
The Open University
This thesis is submitted for the degree of
Doctor of Philosophy
August 2018

Abstract
Planetary nebulae are the final phases of evolution for low- to intermediate-mass stars (∼ 0.8–
8 M⊙). They consist of a central star surrounded predominantly by a circumstellar envelope
containing the products of nuclear processing, and a photodissociation region containing
dust and molecules. These include silicates and large organic molecules such as polycyclic
aromatic hydrocarbons (PAHs), which are ubiquitous throughout the Universe, and fullerenes,
which are the largest molecules to be firmly detected in space. All of this material coasts away
from the central star, causing enrichment of the interstellar medium.
Although there have been significant advances in studies of this circumstellar material,
we still do not fully understand how the metallicity (i.e. the abundance of elements heavier
than helium) of the local environment affects the dust composition around these stars, or the
processes that govern the formation and evolution of these large organic molecules.
This thesis presents a series of studies in which the abundances and dust composition
around planetary nebulae are characterised in the low metallicity regions of the Milky Way,
with use of data from the Spitzer Space Telescope and SOFIA. These include investigations
into the metallicity and dust content of planetary nebulae in the outer thin disk and the halo of
the Galaxy, and the physical conditions in which large organic molecules form.
I find that the outer regions of the Galactic disk have a lower metallicity than the solar
neighbourhood, and that regions of low metallicity favour carbon-rich dust production over
oxygen-rich dust (i.e. silicates), except for within the Galactic halo. These regions show
a greater diversity of carbonaceous material than observed towards the Galactic bulge and
in the solar neighbourhood. Fullerenes are preferentially formed in environments with low
hydrogen density.
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Chapter 1
Introduction
Stars of ∼ 0.8–8 solar masses (M⊙) will evolve to become planetary nebulae (PNe, singular
PN). Over the course of their evolution, these stars produce circumstellar dust and ionised
gas, which are ejected into the interstellar medium (ISM) by stellar winds. The chemical
composition of this ejected material is of particular interest; spectral lines of gaseous species
can be used to infer the physical conditions and abundances of these PNe, whereas studies
have shown that there may be a relationship between the dust composition and the metallicity
(i.e. the abundance of elements heavier than helium) of the region in which the stars formed
and evolved.
In this thesis, I present four spectroscopic studies of PNe in regions of the Milky Way
that are either known or a priori assumed to be of low metallicity, in order to address the
following major questions:
• How does metallicity influence dust composition?
• How diverse is the chemistry of large organic molecules in circumstellar environments?
These questions will be addressed by analysing the metallicity and dust content of PNe in
the outer regions of the Milky Way and the Galactic halo, with some emphasis on a select few
sources with unusual dust emission. But first, it is important to understand the fundamental
physics and chemistry required for these studies.
2 Introduction
1.1 Low- to intermediate-mass stellar evolution
This section explains the main physical and chemical processes experienced within a star of
∼ 0.8–8 M⊙ as they evolve into PNe.
1.1.1 The life cycle of a star
All stars begin their lives as clouds of gas and dust accreted from the ISM. When regions
of these dark molecular clouds contain enough mass, they gravitationally contract upon
themselves to form protostars. This contraction causes hydrogen to burn in the core, at which
point the star enters the evolutionary phase known as the Main Sequence, as shown by the
Hertzsprung-Russell diagram in Figure 1.1. Onion shell diagrams of the main nucleosynthesis
Fig. 1.1 Hertzsprung-Russell diagram showing the evolution of a low- to intermediate-mass
star of ∼ 0.8–8 M⊙. HB = horizontal branch, RGB = red giant branch, AGB = asymptotic
giant branch, HBB = hot-bottom burning, PN = planetary nebula. (Bernard-Salas 2003, S.
Hony & J. Bernard-Salas).
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Fig. 1.2 Onion-shell diagrams of stars from the Main Sequence up to the AGB stages of
evolution, with the stellar core on the left-hand side. Grey regions show that the indicated
element is burning. The outer regions represent the convective envelopes of the stars. The
widths of the regions are not to scale.
processes in Main Sequence stars and in the succeeding stages of evolution are shown in
Figure 1.2 (see also Bernard-Salas 2003 and Ryan and Norton 2010).
The core hydrogen burning occurs through the proton-proton chain (‘pp-chain’):
1H + 1H −→ 2H + e+ + νe + 2γ
2H + 1H −→ 3He
3He + 3He −→ 4He + 1H + 1H
(1.1)
The first step of this mechanism takes ∼ 109 years, due to beta decay (in this case,
2He −→ 2H + e+ + νe) relying on the weak interaction. Hence, the main sequence is a
relatively long-lived, stable phase of evolution. However, if there are a sufficient number of
carbon atoms either from the ISM or formed from the triple-alpha (3α) process:
3 × 4He −→ 12C (1.2)
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then these can be used as catalysts for the CNO-cycle, which is a quicker mechanism for
burning hydrogen (∼ 107 years):
12C + 1H −→ 13C + e+ + νe + 2γ
13C + 1H −→ 14N
14N + 1H −→ 15N + e+ + νe + 2γ
15N + 1H −→ 12C + 4He
(1.3)
After around 10 billion years, the hydrogen in the core burns out and stable helium
becomes the main core constituent. At this stage, the star is on the Red Giant Branch (RGB).
Over time, the stellar temperature will become hot enough for the helium in the core to ignite,
at which point the star enters the horizontal branch (HB). In this stage, there is a region
of unburnt helium surrounding the core, as well as a hydrogen-burning shell. The HB is
relatively short-lived (∼ 108 years), during which time the core helium fuses together to form
carbon, as per equation (1.2). Once the core helium burning has exhausted, the star is on the
Asymptotic Giant Branch (AGB).
While on the AGB, carbon and oxygen can be used in the formation of dust in the
stellar envelope. Heavier elements can be formed through the slow neutron-capture process
(“s-process”):
13C + 4He−→ 16O + n
22Ne + 4He−→ 25Mg + n
(1.4)
Elements heavier than oxygen are not readily formed during the AGB evolutionary phase,
but are instead likely to have originated from the outflows of high-mass stars (e.g. explosions
of supernovae). These elements are typically formed from the addition of a helium atom,
hence even-numbered elements up to iron are readily observed in spectra of evolved low- to
intermediate-mass stars.
The AGB phase of evolution is terminated by a so-called “super-wind” reaching mass-loss
rates as high as ∼ 10−4 M⊙ yr−1 (e.g. Marshall et al. 2004; van Loon et al. 1999, 2003),
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which eventually ejects enough of the material in the convective envelope for the central
white dwarf star to become exposed and ionise this ejecta. At this point, the star becomes a
planetary nebula.
The ejected gas and dust enriches the ISM, at which point they may be accreted into
molecular clouds, assisting in their gravitational contraction and eventually leading to the
formation of new stars.
1.1.2 Mixing episodes
Over the course of its evolution, a star will experience a series of convective mixing episodes
known as ‘dredge-ups’, in which the various changes in temperature and pressure of the stellar
cores cause the chemical material in the outer envelope of the star to penetrate further inwards,
resulting in different elements being brought up to the surface. These main nucleosynthetic
and convective mixing events alter the surface composition of a low- to intermediate-mass
star over the course of its evolution. There are three dredge-up episodes; the first of these
occurs on the RGB, the other two on the AGB.
The first dredge-up occurs as the convective envelope contracts towards the core, allowing
products of the CN-cycle to be brought up to the surface. This results in the net abundances
of 13C and 14N increasing at the expense of 12C and hydrogen.
The second dredge-up can occur for stars on the AGB if their initial mass is≳ 4 M⊙ (Becker
and Iben, 1979). The cores of stars with mass ≳ 2.5 M⊙ will expand due to the production of
the helium burning shell from the HB. However, the envelope will be contracting for stars
≲ 4 M⊙ through to the core as the hydrogen burning shell may have temporarily stopped.
This leads to isotopes formed from the CNO-cycle being brought up to the stellar surface
through convection, where the abundances of 4He and 14N increase and those of 12C, 13C and
16O decrease.
The third dredge-up also occurs in the AGB phase. This is where instability causes a
thermal pulse to occur outwards from the helium burning shell, allowing some 12C, 16O and
4He to enter the area between the helium- and hydrogen-burning shells (see Figure 1.2). The
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star then expands, causing it to cool. The hydrogen-burning shell is temporarily deactivated
and the convective envelope can access the inner regions of the star, causing carbon, helium
and a small amount of oxygen to enter the convective envelope. This can alter the carbon-to-
oxygen (C/O) ratio of the star.
While not strictly a ‘dredge-up’ episode, a process known as hot-bottom burning can
also occur during the AGB phase in stars of mass ≳ 4 M⊙. During this process, the base
of the convective envelope becomes heated by the hydrogen-burning shell, allowing for the
CNO-cycle to occur (Delgado-Inglada et al., 2015; Karakas and Lattanzio, 2014). This causes
the abundances of 12C and 16O to decrease in favour of 14N.
Indeed, the abundances of carbon and oxygen are of particular interest in this thesis, as the
C/O ratio governs the overall dust composition around a planetary nebula. The next section
explains more about the roles of dust, and the molecules and spectral features associated with
its emission.
1.2 Dust
Direct evidence for the existence of interstellar dust was first documented in a publication
by Trumpler (1930), who concluded that there must have been “a considerable amount of
finely divided matter” in a study of the absorption of light in the Milky Way. It has since been
detected at redshifts of z > 7, corresponding to its presence approximately 740 Myr after the
Big Bang (Venemans et al., 2012). It is the main source of opacity for non-ionising radiation,
meaning that the spectral energy distribution of anything longer than 912 Å (the Lyman limit,
corresponding to an energy value of 13.6 eV) is likely to be affected by dust (Tielens, 2005).
Despite contributing only 1% of the mass of the ISM (the other 99% coming from gas),
dust is ubiquitous throughout the Universe. It is primarily produced in stars that lose large
proportions of their mass during the course of their evolution, such as AGB stars and core-
collapse supernovae (SNe) (e.g. Crowther 2007; Zhukovska and Henning 2013). There have
been questions as to whether AGB stars and SNe are the main contributors of dust in the
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ISM, as Wolf-Rayet stars (Gehrz, 1989) and red supergiants (Verhoelst et al., 2009) may also
contribute.
Dust plays important roles in the ISM by acting as a catalytic surface for the formation of
icy molecules such as H2 (Gould and Salpeter, 1963) and reprocessing light from ultraviolet
(UV) to infrared (IR) wavelengths (Cardiel et al., 2003; Li, 2009). Indeed, most of the
emission from dust is observed at IR wavelengths.
The chemical composition of dust produced by AGB stars is defined by the C/O ratio;
if C/O < 1, the source is oxygen-rich (O-rich), otherwise it is carbon-rich (C-rich). As the
ISM has a greater abundance of oxygen than carbon, all stars begin as O-rich sources. These
sources can become C-rich if the third dredge-up can efficiently bring enough carbon to their
circumstellar envelopes. Carbon and oxygen in the stellar envelope will preferentially react
with each other to form the stable and abundant carbon monoxide (CO) molecule. When
one of these elements becomes depleted, the other reacts with other chemical species to
form C-rich or O-rich dust (Lattanzio and Wood, 2003; Sloan et al., 2006). In metal-poor
environments, less carbon needs to be dredged up to the stellar surface in order to exceed the
amount of oxygen, resulting in there being more C-rich sources in regions of low metallicity.
In this thesis, we analyse the composition of circumstellar dust around Galactic PNe in
environments of low metallicity. This section explains the different types of dust composi-
tions observed at mid-IR wavelengths. The spectral features of many of these dust species
are shown; the reader is referred to Chapter 2 for an explanation of the physics behind
spectroscopy.
1.2.1 Carbon-rich dust
Infrared spectra of PNe display a wealth of carbon-rich dust emission, including large carbona-
ceous species such as polycyclic aromatic hydrocarbons (PAHs) and fullerenes (e.g. C60, C70).
Other features, such as the so-called ‘30 µm feature’ and the broad feature centered at 11 µm
that is often attributed to silicon carbide (SiC), are regularly observed. The main C-rich dust
features are described below.
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Polycyclic aromatic hydrocarbons (PAHs)
PAHs are ubiquitous throughout the Universe and have been detected spectroscopically at
redshifts z∼ 2.8, which indicates their presence∼ 3 Gyr after the Big Bang (Lutz et al., 2008).
In evolved low- to intermediate-mass stars, the main PAH emission features are observed at
3.3, 6.2, 7.7, 8.6, 11.3 and 12.8 µm. Each of these come from the bending and stretching of
different C−C and C−H bonds within the molecule (see Figure 1.3).
PAH features vary in profile, peak wavelengths and relative strength. Peeters et al. (2002)
produced a classification system for these different profiles using ISO data, as shown in
Figure 1.4. In particular, it was found that class A features correspond to H II regions and
very hot, massive stars (particularly Harvard spectral types O and B), class B features from
PNe and intermediate-mass stars, and class C features (peaking at the highest wavelengths)
Fig. 1.3 A spectrum of a massive star forming region with atomic lines removed to emphasise
the PAH features. The individual contributions of the hydrocarbons to each peak are shown.
Figure reproduced from Peeters (2002).
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Fig. 1.4 The earliest PAH classification system within the range 6–9 µm, including the
6.2 µm (A, B, C), 7.7 µm (A′, B′, C′) and 8.6 µm (A′′, B′′, C′′) features. Figure reproduced
from Peeters et al. (2002).
primarily from post-AGB stars. Matsuura et al. (2014) have since extended this classification
system from a study of post-AGB stars and PNe in the Large Magellanic Cloud with the
Spitzer Space Telescope. They introduce a class D for sources with one broad feature spanning
from ∼ 7–9 µm, as well as a new system for PAH features from 10–14 µm.
While only two sources of Class C emission were detected in the work of Peeters et al.
(2002), the study by Sloan et al. (2007) detected five more sources, including red giants.
They proposed a relationship between the peak position of the Class C PAH feature with the
effective temperature of the source. They also suggested that this emission class is consistent
with a mixture of aliphatic (i.e. the atoms are bonded in a chain-like structure) and aromatic
(i.e. the atoms form a ring) compounds known as hydrogenated amorphous carbon (HAC),
which evolves with heat to become aromatised (PAHs). Carpentier et al. (2012) have also
shown from a laboratory study that Class C PAH emission can evolve with heat into Class A
emission.
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PAH emission features within the 15–20 µm wavelength range has been attributed to
C–C–C stretches (e.g. Boersma et al. 2010; Shannon et al. 2015). These are particularly weak
in spectra of PNe.
Silicon carbide
There is a broad feature spanning from ∼ 9–13 µm, which peaks around 11 µm (see Fig-
ure 1.5). This is typically characterised as SiC emission, though this identification is still
under debate. This feature is rarely observed in Galactic PNe; ∼ 30 of these sources have
been found (Casassus et al., 2001a,b) out of a total of ≳ 1100 Galactic PNe, although it is
more frequently observed in Galactic AGB stars (e.g. Bernard-Salas et al. 2009). Hence, there
may be a relationship between low metallicity regions and the presence of this feature. Studies
of carbon stars and PNe from the Magellanic Clouds, which are metal-poor relative to the
Sun, have shown that SiC emission is relatively common in these regions (e.g. Bernard-Salas
et al. 2009; Sloan et al. 2006, 2014, reinforcing the concept of a link between the metallicity
of the local environment and the detection of SiC emission.
Fig. 1.5 The Spitzer Space Telescope IRS low-resolution spectrum for SMP LMC 58. The
broad SiC feature is inside the box. The line coming through the peak of the SiC feature at
about 11.3 µm has been added to show the presence of a PAH feature at this wavelength.
Figure amended from Bernard-Salas et al. (2009).
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Fullerenes
Discovered from laboratory experiments by Kroto et al. (1985), fullerenes are spheroidal or
ellipsoidal molecular cage structures consisting solely of carbon atoms. Buckminsterfullerene
(C60) has 174 vibrational modes (3N − 6 degrees of freedom, N = number of atoms in the
structure = 60), though only four are active at IR wavelengths (Nemes and Jelski, 2012),
specifically at 7.0, 8.5, 17.4 and 18.9 µm (e.g. Bernard-Salas et al. 2012; Otsuka et al. 2014).
They were discovered in the Galactic PN Tc 1 by Cami et al. (2010), and are currently the
largest molecules that have been firmly indentified both in circumstellar and interstellar media.
However, the mechanisms behind fullerene formation in Space are not yet understood (see
§ 1.4).
Fullerenes have now been observed in many diverse environments, such as YSOs, Herbig
Ae/Be stars and post-AGB stars (Roberts et al., 2012). However, they are not common in
Galactic PNe. Using the entirety of the Spitzer IRS data archives, only ∼ 3% (11 out of
338) of the PNe that have been observed with this spectrograph show the associated emission
features (Otsuka et al., 2014).
The C+60 ion has now been confirmed as the carrier of four diffuse interstellar bands (DIBs)
around 9500 Å (Campbell et al., 2015; Walker et al., 2015). DIBs are absorption features
from optical and near-IR stellar spectra for which there have been no confirmed identifications
since their first detection by Heger (1922), of which there are now more than 400 (e.g. Spieler
et al. 2017; Tielens 2014). Hence, these detections suggest that fullerenes are widespread
throughout the ISM and are therefore more common than inferred from Galactic PNe.
Other carbonaceous features
There are also other types of spectral feature that are attributed to carbon-rich dust. In
particular, there is a broad ‘30 µm’ feature that can produce as much as 25% of the total
energy output of a star (Hony et al., 2002; Hrivnak et al., 2000). This feature spans from
∼ 23–45 µm and is sometimes associated with magnesium sulfide (MgS). However, this
designation is under debate; Zhang et al. (2009) argued that dust mass of MgS in post-AGB
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star HD 56126 needs to be greater in order to account for the power of the feature, though it
has also been suggested that the power would be reached if MgS was in thermal contact with
SiC and amorphous carbon (Lombaert et al., 2012).
Other less broad features with peaks at ∼ 21 µm, ∼ 15.8 µm and ∼ 17.1 µm (the latter
two are always observed together) have only been seen in the presence of the 30 µm feature.
Their carriers are unknown, but they are expected to come from hydrocarbons (e.g. Sloan
et al. 2014).
Another feature at 3.4 µm is often attributed to HAC (Duley and Williams, 1983), which
has been shown from laboratory studies to accurately reproduce the corresponding feature in
astronomical spectra (Furton et al., 1999).
1.2.2 Oxygen-rich dust
O-rich dust consists of silicates such as SiO or SiO2, as well as olivine and forsterite, which
contain significant amounts of magnesium. These silicates can be characterised as either
amorphous or crystalline depending on their bonding structure.
Crystalline silicates show spectral features at 23.5, 27.5, 33.8, 40 and 60 µm (e.g. Górny
et al. 2010; Molster et al. 2002; see Figure 1.6). The chemical bonding in these molecules is
relatively organised and rigid. For instance, quartz has a hexagonal bonding structure with
silicon on each vertex, where silicon atoms share covalent bonds with three oxygen atoms,
and each oxygen atom is bonded to two silicon atoms.
Conversely, the chemical bonding within amorphous silicates is relatively haphazard;
while the covalent bond structure between silicon and oxygen atoms remains the same, there
is no overall molecular structure. They show spectral features at 9.7 and 18.7 µm, to represent
Si−O and O−Si−O bonds respectively (see Figure 1.7).
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Fig. 1.6 A spectrum of the planetary nebula PNG000.7+04.7, with the crystalline silicate
features circled. This was taken from Spitzer IRS, in low-resolution below 10 µm and in
high-resolution above 10 µm. Figure amended from Gutenkunst et al. (2008).
Fig. 1.7 A spectrum of the planetary nebula SMP LMC 62 from the Large Magellanic Cloud
as taken with the Spitzer Space Telescope. The amorphous silicate features are represented
by the plateau centered around 9.7 µm and the broad feature spanning beyond ∼ 15 µm but
centred at 18.7 µm. Figure amended from Bernard-Salas et al. (2009).
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1.2.3 Dual-dust chemistry
In addition to sources with spectra showing O-rich or C-rich dust emission, some PNe show
features from both. The reasons for the occurrence of this dual-dust chemistry have not yet
been fully established.
Several studies have been carried out on determining the origin of this phenomenon. One
suggests that a late thermal pulse from the AGB stage of evolution could have occurred,
causing another third dredge-up that could bring forth C-rich dust in an O-rich source (Waters
et al., 1998). It has also been proposed that O-rich dust can exist in old, stable disks around
post-AGB stars (Zijlstra et al., 1991), held in place through Keplerian motion. These two
mechanisms differ significantly over the location of the dust components; the late thermal
pulse would imply that the C-rich dust is located far from the star, whereas the O-rich dust
disk places the C-rich dust closer to the star. In another study by Guzman-Ramirez et al.
(2015), the dual-dust chemistry PN BD +30◦ 3639 was analysed with the Stratospheric
Observatory for Infrared Astronomy (SOFIA) in order to spatially resolve the main PAH and
silicate emission features. They applied radiative transfer models of dust to these observations
and suggested that there is a silicate disk on the outer regions of the PN. However, they could
not spatially resolve the 33 µm crystalline silicate emission from a particularly high dust
continuum in their spectra. Hence, the origin of dual-dust chemistry in PNe requires further
investigation.
1.3 Planetary nebulae
The planetary nebula phase of evolution officially commences when all of the material ejected
from the convective envelope of the AGB star is ionised. PNe reach temperatures of ∼ 105 K
and have lifetimes of ∼ 104 years. Eventually, all of the ionised material enriches the ISM,
and the central white dwarf star cools until it becomes a black dwarf.
This section explores the structures of PNe, and explains the physics behind the formation
of bow shocks, which may affect the chemical compositions of these stars.
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1.3.1 Morphology
Planetary nebulae appear in all shapes and sizes. The morphologies of the ejected gas and dust
around these stars have been of interest since Curtis (1918) deduced that they are important in
determining their physical conditions. There have since been several classification systems
(e.g. Balick 1987; Greig 1971; Stanghellini et al. 1993) in which PNe morphologies have
been classed as round, bipolar/butterfly, elliptical/egg-shaped, irregular, etc. Figure 1.8
shows a variety of PNe observed by the Hubble Space Telescope, with a large variation of
morphologies. Together with the classification system of Peimbert (1978) based on the PN
abundances, estimates of the mass of the central stars and the chemical composition of the
stellar ejecta can be obtained (Kwitter et al., 2014; Torres-Peimbert and Peimbert, 1997).
There have been several suggested causes for particular morphologies in PNe. One of the
most heavily discussed causes in recent years has been the presence of binary star systems with
common envelopes (e.g. Akashi and Soker 2017; Bond and Livio 1990; Hillwig et al. 2016;
Fig. 1.8 Series of planetary nebulae, ordered by size. (ESA / Hubble / NASA / ESO /
I. Bojicic / D. Frew / Q. Parker)
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Fig. 1.9 Possible explanation for observations of spherical and elliptical PNe.
Jones 2015), and even triple-star systems (e.g. Soker et al. 1992). The interstellar magnetic
field may also affect the morphology (e.g. Falceta-Gonçalves and Monteiro 2014; van Marle
et al. 2014), theoretically producing either bipolar outflows or eye-shaped structures, although
large magnetic field strengths are required (≳ 500 µG). Hence, magnetic fields were often
considered to be relatively negligable in affecting the morphology of PNe compared to the
presence of binary companions (e.g. Sabin et al. 2007; Soker 2005, 2006).
Samples of Galactic PNe have shown varying proportions of sources with a spherical
morphology, such as Abell 30 and Abell 39, ranging from ∼ 4% (Stanghellini et al., 2016)
to ∼ 26% (Manchado et al., 2000), whereas ≳ 50% of both samples consisted of elliptical
PNe. Soker (2002) argued that most of the spherical PN population is detected towards the
Galactic anti-centre, and suggested that metallicity effects contribute to this morphology. van
Marle et al. (2014) suggested that the morphologies of PNe are also likely to be affected
by the shaping of slow AGB winds and their interactions with the interstellar magnetic
field. Figure 1.9 shows that it may also be possible for sources with spherical or elliptical
morphologies to be bipolar, with one of the outflows pointed towards the observer.
Perhaps the most heavily studied morphology is that involving bipolar outflows, which are
observed in PNe such as the Twin Jet Nebula (M2-9) and the Butterfly Nebula (NGC 6302),
from which high-velocity jets from the central star interact with the ISM (Huggins, 2007).
The origins of these outflows are not well understood, but studies have suggested one possible
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method is the presence of an equatorial toroidal structure around the central star (e.g. Calvet
and Peimbert 1983; Chen et al. 2016; Doan et al. 2017; Icke 1988; Icke et al. 1989), potentially
from an optically thick region of gas. This structure may also be an accretion disk from within
a binary system, which is formed either around the secondary companion by mass-loss from
the primary star (e.g. Soker and Rappaport 2000) or around the primary star by the break-up
of the companion (e.g. Nordhaus and Blackman 2006). Either way, binaries are believed to be
the cause of bipolar jets (e.g. García-Segura et al. 2014, 2016; Soker 2016).
The presence of outflows in PNe indicates that shock processes are occurring. These will
affect the chemical compositions observed from around these stars.
1.3.2 Shocks
When material moves into a region of low pressure from one of high pressure, a shock front is
formed (e.g. Tielens 2005). A typical example is when a stellar outflow reaches the ISM; this
does not exclusively apply to those of AGB stars and PNe, but also to those of Herbig-Haro
objects and supernova explosions (e.g. Guerrero et al. 2013).
Two types of shocks occur in the ISM. The first type involves supersonic movement,
in which there is a sudden heating of the gas at the shock front, up to temperatures of
∼ 105 K (Draine, 1980; Kaufman and Neufeld, 1996). From the frame of reference of the
shock front, the mass, momentum and energy are respectively conserved using the following
equations, known as the Rankine-Hugoniot relations (Hugoniot, 1887, 1889; Macquorn
Rankine, 1870):
ρ0v0 = ρ1v1 (1.5)
P0+ρ0v20 = P1+ρ1v
2
1 (1.6)
P0+u0
ρ0
+
v20
2
=
P1+u1
ρ1
+
v21
2
(1.7)
where ρ is the density, v is the velocity, P is the pressure and u is the internal energy per unit
volume of the gas in the shock, and the subscripts ‘0’ and ‘1’ respectively represent the regions
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Fig. 1.10 Bow shocks in PN IC 4634, in [O III]/Hα (top) and [N II]/Hα (bottom). Figure
reproduced from Guerrero et al. (2008).
upstream and downstream of the shock front, i.e. before and after the fast shock heating
process (e.g. Tielens 2005). These types of shock are known as “J-shocks”, as there is a
“jump” in the physical conditions at the shock front. The second type of shock is formed from
the interaction between low-ionisation species moving subsonically and the local magnetic
field. These are known as “C-shocks”, as the physical conditions of the gas are “continuous”
upstream and downstream of the shock front.
Images of PNe have shown these structures in the form of bow shocks, which are both
analogous to, and named after, the wave produced by the bow of a ship on water (c.f. an
outflow moving into the quiescent ISM; e.g. Kakinami et al. 2013; Landau and Lifshitz 1959).
These are easy to observe in the emission of temperature-dependent species such as O III or
N II1, as shown in Figure 1.10.
1Roman numerals indicate ions; the numeral itself is one greater than the positive charge of the species.
Hence, O III = O2+ and N II = N+. Square brackets around this notation are used in describing particular
spectral lines, and indicate that the transition is forbidden in terms of the quantum selection rules. These are
explained in Chapter 2.
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Shocks can change the chemical composition around the star. For instance, dust grains
can be destroyed in high-velocity shocks. This is discussed further in Chapters 4 and 5.
However, the heating of interstellar gas by shocks is not as efficient as that from far-UV
photons (Hollenbach and Tielens, 1999).
1.3.3 Photodissociation regions
Aside from the central star and the ejected circumstellar envelope of ionised material, there
are regions of PNe in which atoms with ionisation potentials of less than that of hydrogen
(13.6 eV) and molecules reside. These are known as photodissociation regions, or photon-
dominated regions (PDRs), as the heating is governed by far-UV radiation (Tielens and
Hollenbach, 1985). By this definition, PDRs are found not only around evolved stars, but also
in interstellar environments.
A typical PDR schematic is shown in Figure 1.11. Lyman continuum photons (corre-
sponding to energies of ∼ 6 to 13.6 eV) will be absorbed by an interlayer of H I and H II gas
(Hollenbach and Tielens, 1997, 1999; Vasta, 2010), from which they can penetrate into the
PDR. The incident flux of these photons, G0, is measured relative to the average interstel-
lar radiation field, 1.6 × 10−6 W m−2 (Habing, 1968). The depth of the PDR is typically
measured in terms of the V-band extinction (AV , measured in magnitudes), from which the
column density of hydrogen (NH) can be deduced from the following equation (Predehl and
Schmitt, 1995):
NH = (1.79 ± 0.03 AV ) × 1021 cm−2 (1.8)
The chemical stratification in PDRs is such that most of the material at low-AV is atomic
or ionic (for low-ionisation species, e.g. C+) and molecules are observed at high-AV .
The modelling of PDRs has evolved over the past few decades (e.g. Hollenbach and
Tielens 1999; Röllig et al. 2007); early models (e.g. Black and Dalgarno 1977; Glassgold
and Langer 1974; Hollenbach and Salpeter 1971) focused primarily on the conversions of
atomic hydrogen and carbon to molecules of H2 and CO in interstellar clouds. These evolved
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Fig. 1.11 Schematic diagram of a photodissociation region. The UV source, e.g. the cetral
star of a planetary nebula, is on the left-hand side. Figure reproduced from Hollenbach and
Tielens (1997).
into models investigating the chemistry with the consideration of an incident far-UV flux
(e.g. Chokshi et al. 1988; Tielens and Hollenbach 1985; van Dishoeck and Black 1988), and
these eventually became models which considered factors such as time-dependent chemistry
(e.g. Genzel et al. 1989) and the presence of clumps (e.g. Burton et al. 1990). PDRs around
evolved stars were the main focus of models by W. Latter (Fong et al., 2001) and Castro-
Carrizo et al. (2001), who investigated carbon-rich and oxygen-rich sources, respectively
(see § 1.2). Today, the modelling simulation CLOUDY (Ferland et al., 2017, 1998, 2013) is
often used as a spectral prediction code for PDRs and other astrophysical systems in non-local
thermodynamic equilibrium.
Observations have shown that the molecular emission expected to be observed in PDRs is
stronger in bipolar PNe (e.g. Hora et al. 1999; Latter et al. 2000). For instance, the excited
H2 emission around the well-studied PN NGC 7027, which may contain multiple bipolar
outflows (Huang et al., 2010), is shown in Figure 1.12. The emission in this PN is modelled
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Fig. 1.12 The planetary nebula NGC 7027. Left: an RGB image (Hubble Legacy
Archive / ESA / NASA; Delio Tolivia Cadrecha). Right: a velocity-integrated image of
the H2 1–0 S(1) transition. Figure reproduced from Cox et al. (2002).
Fig. 1.13 The modelled geometry of the PDR around NGC 7027. Figure amended from Latter
et al. (2000).
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geometrically as an hourglass-shaped “bicone” around an ellipsoid of ionised material, as
shown in Figure 1.13 (Cox et al., 2002; Latter et al., 2000). Hence, this morphology may be
appropriate for the modelling of PDRs around other bipolar PNe. The molecular emission
in the almost spherical proto-PN HD 56126 is clumped, but the morphology is relatively
unchanged (Meixner et al., 2004).
1.4 Current status
This section shows the current understanding to be built upon by the work in this thesis, in
terms of studies of metallicity and chemical diversity in circumstellar environments.
1.4.1 Influence of metallicity on dust composition
In this thesis, the chemical composition of the gas and dust around PNe within low-metallicity
regions of the Milky Way is investigated. Figure 1.14 shows a side view of the Milky Way,
consisting of the bulge, the disk, and the surrounding halo. The central bulge contains much
of the Galaxy’s population of old stars, as well as gas and dust, hence the metallicity within
this region is greater than elsewhere in our Galaxy. The disk has a radius of ∼ 20–30 kpc
and consists of two components: the ‘thin disk’ contains most of the gaseous material and
stars, and the ‘thick disk’ encapsulates the thin disk but has a lower metallicity and low gas
content (Gilmore and Reid, 1983). The bulge and disk together contain the vast majority of
stars in the Milky Way. The Galactic halo contains few stars, and is consequently established
as a region of low metallicity.
Within the Galactic plane (disk), there is a radial abundance gradient; the local metallicity
decreases at greater distances from the Galactic centre. A visual representation of this is shown
in Figure 1.15, in which the oxygen abundances from a sample of PNe studied by Pottasch
and Bernard-Salas (2006) have been observed to decrease between Galactocentric distances
(Rg) of ∼ 4–10 kpc. In Chapter 3 of this thesis, a sample of PNe located towards the Galactic
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Fig. 1.14 Side view of the Milky Way. The Sun is located at ∼ 8 kpc from the Galactic centre;
1 kpc ≡ 3261.56 light years. (F. Walter)
anti-centre (Rg > 8 kpc) are analysed in order to determine whether the radial abundance
gradient of the Milky Way continues beyond the solar neighbourhood.
There are similarities of the dust compositions of PNe within particular regions of the
Galactic disk. For instance, dual-dust chemistry is more commonly found close to the Galactic
bulge (Górny et al., 2010; Gutenkunst et al., 2008; Perea-Calderón et al., 2009; Stanghellini
et al., 2012). Similarly, oxygen-rich dust is typically observed closer to the Galactic centre,
whereas carbon-rich dust is observed consistently in PNe throughout the Galactic disk. As
mentioned in § 1.2, the overall dust composition of a PN is partly dependent on the metallicity
of the local region, as the star will become C-rich faster if the stellar environment has less
oxygen. Studies of PNe in the Magellanic Clouds, which are of sub-solar metallicity, have
shown that C-rich dust emission is more commonly observed than O-rich emission in these
sources (e.g. Bernard-Salas et al. 2009; Sloan et al. 2014; Ventura et al. 2016; Volk et al.
2011). However, the dust composition in the Magellanic Clouds is typically more diverse
from that observed towards the Galactic bulge and in the solar neighbourhood, as there is a
greater probability of observing features such as silicon carbide and fullerenes (see § 1.4.2).
The Magellanic Clouds are of a similar metallicity to regions of the Milky Way, assuming
the Galactic abundance gradient continues beyond ∼ 10 kpc. Hence, the dust compositions
of Magellanic Cloud PNe are ideal for comparison with those located towards the Galactic
anti-centre, which are investigated in Chapter 4.
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Fig. 1.15 The radial oxygen abundance gradient of the Milky Way, as shown by a sample of
PNe from Pottasch and Bernard-Salas (2006). The Sun is represented by the yellow star.
The metal-poor Galactic halo contains few stars, which typically have masses ≲ 0.85 M⊙
(e.g. Abate et al. 2015), hence PNe with these masses are not expected to undergo the third
dredge-up. The chemical compositions of gas and dust from a sample of PNe from the
Galactic halo, and the origins of these stars within this low metallicity region, are investigated
in Chapter 5.
1.4.2 Diversity of large organic molecules
The ISM contains around 200 known molecular species, ranging from small molecules
such as H2 and CO, to large aliphatic species such as C2H5OCHO and isomers of C3H7CN
(Belloche et al., 2014, 2009), to even larger aromatic compounds such as fullerenes (Cami
et al., 2010). A full list of the detected interstellar molecules is shown in the Cologne Database
for Molecular Spectroscopy2 (Endres et al., 2016; Müller et al., 2005; Müller et al., 2001).
The physical conditions of circumstellar environments are such that long aliphatic compounds
2http://www.astro.uni-koeln.de/cdms/molecules
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Fig. 1.16 Proposed ‘PAH striptease’ method of fullerene formation. Figure reproduced
from Berné et al. (2015).
cannot survive around them (with the possible exception of HAC), compared to the strong
double- and triple-bonds between carbon atoms in aromatic species.
PAHs are the most predominant C-rich dust emission, athough features attributed to
silicon carbide and fullerenes are also occasionally detected in circumstellar environments.
Fullerenes are particularly interesting as they are the largest known molecules that have been
detected in space. Hence, by studying the environments in which they inhabit, we may get an
insight into the formation requirements for many organic molecules.
The emission from these molecules is likely to be observed within the PDRs of PNe. By
analysing the emission of the main cooling lines, such as those of [O I] and [C II], the physical
conditions of the regions in which these molecules have formed and evolved can be analysed.
However, the pathways by which fullerenes form and evolve are still not well understood.
Analysing the PDRs around evolved stars with fullerene emission may help in understanding
the processes leading to the formation of many complex organic molecules around evolved
stars.
Several mechanisms for the formation of fullerenes in space have been proposed, such as
the photo-processing of PAHs (Berné et al., 2015) or HAC (García-Hernández et al., 2010)
via a ‘striptease’ mechanism, as shown in Figure 1.16, in which the outer hydrogen atoms are
removed by strong UV radiation, causing the remaining carbon skeleton to curve in on itself
and form a fullerene molecule. Aside from this top-down method of fullerene formation, there
is also the bottom-up method of ‘closed network growth’, in which atomic carbon and C2 are
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added to a smaller PAH or fullerene molecule, causing it to grow (e.g. Dunk et al. 2012a,b).
Determining the balance between top-down and bottom-up processes in the formation of
carbonaceous molecules remains a significant challenge in the field of astrochemistry (van
Dishoeck, 2017).
In Chapter 6 of this thesis, the PDRs of a sample of Galactic PNe known to exhibit
C60 emission features are analysed through the analysis of data from SOFIA, in order to
examine the physical conditions of the environments in which these large organic molecules
are located.
1.5 Thesis overview
This thesis includes four science chapters. Chapter 2 explains the methodologies and fun-
dametal physics used in these science chapters, which includes the basics of spectroscopy and
the technical details of the telescopes and instruments used. Chapters 3 and 4 respectively
provide an analysis of the gas and dust in a sample of PNe from the Galactic anti-centre,
as measured by the Spitzer Space Telescope. Chapter 5 shows a study of the gas and dust
composition of PNe in the Galactic halo, and probes the origins of these stars. In Chapter 6,
the SOFIA telescope is used to investigate the physical conditions of the PDRs around a
sample of PNe with known fullerene emission. Finally, in Chapter 7, the implications of the
work carried out in this thesis are explained, and the future of astrochemical planetary nebula
studies is discussed.
Chapter 2
Methods of data reduction and analysis
This thesis consists of four studies involving the use of infrared spectroscopy, particularly
from the Spitzer Space Telescope and the Stratospheric Observatory for Infrared Astronomy.
Data from these telescopes are analysed to obtain ionic and elemental abundances, measure
the flux from molecular emission (particularly for carbonaceous species), and output spatial
maps of the emission of particular lines.
This chapter explains the fundamentals of spectroscopy, with emphasis on infrared spec-
troscopy of planetary nebulae, such as the emission of forbidden lines and the use of these
lines to determine the physical conditions around these stars. The use of infrared airborne and
Space telescopes is discussed in contexts that are both historical and directly relevant to the
science carried out in this thesis, and the software packages used for the data analysis in the
upcoming science chapters are also explained.
2.1 Spectroscopy
Spectroscopy is the method by which we can determine the chemical composition of any
astronomical source. From spectra of planetary nebulae, most of the observed emission
originates from either quantum-forbidden electronic transitions, recombination lines of atomic
hydrogen, or from dust. The spectra analysed in this thesis are observed at infrared wave-
lengths, which are ideal for detecting the vibrational transitions of carbonaceous or silicate
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molecules associated with dust; further advantages of observing IR spectra are explained in
§ 2.2.
In this section, the concepts of atomic and molecular spectroscopy concerning the studies
of PNe in future chapters are outlined. There is a broad literature on the subject, and the
reader is encouraged to look at Matthews (1985) and Atkins and de Paula (2002) for more
regarding the physical chemistry processes, and Tennyson (2011) for more on the applications
of spectroscopy in astronomy.
2.1.1 Atomic spectroscopy
Atomic spectroscopy is entirely governed by electrons. Every single atom or ion consists
of a system of quantised electronic energy levels, as shown in Figure 2.1. Between these
energy states, the electrons can become excited by the absorption of a photon with energy
equal to the difference in energy levels, or de-excited by emitting a photon of this energy. The
absorption and emission of these photons can be detected by observing at these wavelengths:
E =
hc
λ
= hν (2.1)
Fig. 2.1 The lowest five electronic energy levels of the S2+ ion. The term symbols for each
level are shown on the right; these are explained throughout this section. The energy values
above the ground state (3P0) are shown on the left.
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where E is the photon energy in Joules (J); h is Planck’s constant, 6.626 × 10−34 J s; c is
the speed of light, 3 × 108 m s−1; λ is the wavelength of light in metres and ν is the light
frequency in Hertz.
If an electron absorbs enough energy to become unbound from all energy levels within
the atom or ion, then this chemical species is ionised and gains a positive ionic charge. A free
electron can also be taken in by an atom or ion, and may initially occupy a high energy state;
de-excitation will take place via several energy levels (“cascade”) and multiple photons will
be produced. This process is known as recombination.
The rates at which photons are absorbed and spontaneously emitted by an electron are:
dnl
dt
= −Blunlρν (2.2)
dnu
dt
= −Aulnu (2.3)
where nl and nu are respectively the number densities of electrons in the lower and upper
energy states of the transition, Blu is the Einstein absorption coefficient (units: m3 J−1 s−2),
Aul is the Einstein coefficient for spontaneous emission (units: s−1), which indicates the
probability of a given electronic transition, and ρν is the radiation energy density at the
transition frequency (units: J m−3). Photons can also be emitted by stimulated emission, i.e.
from the influence of another photon. This is an important mechanism for observing spectral
lines from lasers and astronomical maser sources, but is not a focus of this thesis.
Quantum numbers and term symbols
Each of the electrons in an atom or ion is given a unique set of quantum numbers. This
originates from the Pauli exclusion principle, which states that no two electrons can occupy
the same quantum state within a particular chemical species at any given time.
Quantum numbers for electrons are always represented by lower case letters. The principal
quantum number, n, defines the distance of the electron from the atomic nucleus (n ∈ Z,
n > 0). The orbital angular momentum quantum number, l, indicates the ability of an electron
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to penetrate into the nucleus (l ∈ Z, l ⩾ 0). Together, these two quantum numbers define
the occupied electron shells in a species. These follow a naming convention based on the
‘sharp’, ‘principal’, ‘diffuse’ and ‘fundamental’ series of atomic lines based on the l quantum
number, e.g. 1s, 2s, 2p, ... where s, p, d and f respectively represent l = 0, 1, 2 and 3 (for
greater l values, this continues alphabetically from f). The spin angular momentum quantum
number, s, represents the intrinsic spin (s = 12 for an electron). The total angular momentum,
j, is the vector sum of the l and s quantum numbers (j = | l + s |). There are also magnetic
components to the three angular momentum quantum numbers: ml , ms and m j, defining the
behaviour of the electron in a magnetic field (ml takes all integer values between −l and l;
ms = ±12 ; m j takes all values between − j and j in integer steps).
Each electronic energy state is assigned a term symbol based on the total quantum numbers
of the unpaired electrons, which is denoted as 2S+1LJ , where:
L =∑
e
le (2.4)
S =∑
e
se (2.5)
J = L+S (2.6)
where the subscript e is used to indicate that these are the sums over the quantum numbers of
all unpaired electrons. Note the use of vector notation in the above equations; this implies
a range of values for L, S and J. For instance, in situations where an atom or ion has two
unpaired electrons, L takes all values from | l1 − l2 | to l1 + l2 in integer steps. Each
combination of these three quantum numbers represents an electronic energy state. As with
its electronic counterpart, the quantum number L is represented by letters S, P, D, F, etc.
The ordering of the term symbols representing the electronic energy states in a chemical
species are governed by Hund’s rules. The complete set of quantum numbers for the electrons
must be calculated. Hund’s rules state that for a given electron configuration:
• States with the largest multiplicity (i.e. 2S + 1) have the lowest energy;
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• If multiple states share the same multiplicity, the state with the largest orbital angular
momentum has the lowest energy;
• If an electron shell is less than half-filled, the state with the lowest J value has the
lowest energy. If it is more than half-filled, the state with the greatest J value has the
lowest energy.
The Pauli exclusion principle imposes a further condition: for electrons with the same n
and l quantum numbers, (L + S) must be even.
For clarity, consider the electron states of S2+, as shown in Figure 2.1. The electron
configuration, in accordance with the Periodic Table, is 1s22s22p63s23p2. Only the electrons
in the 3p shell are considered, as the other shells are full (and therefore stable) and hence these
do not contribute to the energetic processes within the ion. Two electrons are considered with
s = 12 , therefore S = 0, 1 and (2S + 1) = 1, 3. For both electrons, l = 1, therefore L = 0, 1, 2.
The energy states that satisfy the Pauli exclusion principle are therefore 1S, 3P and 1D. The
values for J are (0 + 0 =) 0 for 1S and (2 + 0 =) 2 for 1D, whereas the 3P state takes
J values of 0, 1 and 2 (this is known as “fine splitting”). In accordance with Hund’s first
rule, the triplet states (i.e. those with a multiplicity of 3) are lowest in energy, and because
the 3p shell contains two electrons out of a maximum of six, Hund’s third rule shows that
E(3P0) < E(3P1) < E(3P2). Of the two singlet states, the 1D2 state has a larger orbital angular
momentum than the 1S0 state, and is therefore the next lowest in energy, in accordance with
Hund’s second rule.
Quantum selection rules for electric dipole transitions
There are several sets of quantum selection rules that govern the states between which an
electronic transition occurs. The most important type for atomic spectroscopy in planetary
nebulae involves electric dipole transitions, i.e. those involving the separation of a positive
and negative electric charges (other types include the weaker electric quadrupole and magnetic
dipole transitions).
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Some rules are always followed in electric dipole transitions. These are known as the
rigorous selection rules:
• ∆J = 0 or ± 1, but not from 0–0;
• ∆MJ = 0 or ± 1;
• The parity, calculated by (−1)∑e le , changes.
There is also a further set of propensity rules, which lead to strong “allowed transitions”
when followed:
• ∆S = 0;
• One electron jumps, ∆l = ± 1;
• ∆L = 0 or ± 1, but not from 0–0.
However, this set of rules (particularly the last two) may be broken, in which case the
transition is “forbidden”. These are denoted by a pair of square brackets around the ion,
e.g. [S III]. For this particular ion (see Figure 2.1), the 1S0 → 1D2 transition is forbidden
as ∆L = 2 (also, the parity does not change and ∆J = 2, suggesting that this is an allowed
electric quadrupole transition). The 1D2 → 3P2 breaks the rule by changing the spin angular
momentum quantum number. The transitions between the 3P fine structure states break the
∆l = ± 1 rule for one electron, and the unchanging parity again suggests that these are not
electric dipole transitions.
Forbidden transitions are commonly observed from spectra of planetary nebulae; their
particularly low densities allow for long-lasting radiative decay processes to occur without
being affected by collisional excitation or de-excitation. These transitions are typically
observed from lower energy states, as electrons in higher states are likely to have several
possible allowed routes to become de-excited. These low-level transitions are typically
observed at visible and infrared wavelengths. This is one of several reasons why the work in
this thesis focuses primarily on the analysis of IR spectra (see also § 2.2).
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Alongside these forbidden emission lines, infrared spectra of PNe also show transitions
from recombination in hydrogen atoms. These transitions often show similar flux ratios
relative to one another, as shown by Hummer and Storey (1987).
2.1.2 Molecular spectroscopy
The infrared spectra of planetary nebulae analysed in this thesis are ideally suited for obser-
vations of photons from ions close to the ground electronic state, as well as those from the
vibrations of bonds in carbonaceous molecules, and some from the changes in vibrational
energy from the abundant H2 molecule. The spectroscopy of molecules is much more intricate
than that of atoms, as their internal energies consist of electronic, vibrational and rotational
components. This is a consequence of the Born-Oppenheimer approximation, which states
that the difference in mass between electrons (∼ 9× 10−31 kg) and nucleons (∼ 2× 10−27 kg)
within a molecule is large enough to consider their motion separately. The differences between
electronic energy states are greater than those of vibrational energy states, which in turn are
greater than those of rotational energy states. Hence, these different components are observed
within separate wavelength regions.
In this thesis, IR spectra showing the vibrational emission of carbonaceous molecules (see
Chapter 1) are studied in detail. While not a main focus, molecular hydrogen ro-vibrational
features are also regularly observed in these spectra. For more information regarding the
electronic and rotational spectroscopy of molecules, the reader is again referred to Atkins and
de Paula (2002) and Tennyson (2011).
Vibrational spectroscopy
In molecules, photons can be emitted from the bending and stretching of the bonds that
hold the constituent atoms together; a good example is shown by the spectrum of PAHs in
Chapter 1 (Figure 1.3). For a molecule with N atoms, there are 3N− 6 vibrational modes
if non-linear and 3N−5 if linear. This is because there are 3N ways to organise the atoms
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Fig. 2.2 Schematic showing the vibrational levels within the simple harmonic oscillator (SHO)
and Morse potential models. The dissociation energy of the Morse potential is given by Ediss.
in three-dimensional space, though three are required to define the centre of mass for the
molecule and another two or three (depending on linearity) define the molecular orientation.
The structure of vibrational modes in a molecule can be estimated by modelling the
molecule as a harmonic oscillator, as in Figure 2.2. In this model, the vibrational energy states
are equally spaced and all transitions follow the quantum rule ∆v ± 1, implying that only
one emission feature will be observed. However, the ability for the bond to dissociate after
being subjected to enough energy is not considered. Realistically, the vibrational energy states
get closer together as the dissociation energy is approached, and there are no quantum rules
governing the change in energy level, hence a wide range of emission features are observed.
This is known as the Morse potential.
Vibrational transitions are typically observed at infrared wavelengths, and are often
attributed to large molecules, such as PAHs and fullerenes. Indeed, with a variety of potential
chemical compositions for circumstellar PAHs, the vibrations of particular functional groups
can help identify families within these molecules.
For small molecules, e.g. diatomics such as H2, the rotational components become equally
important when analysing their spectral features.
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Fig. 2.3 Typical ro-vibrational transitions observed from molecules. The names of the
transitions between rotational states (J) and vibrational states (v) are explained in the text.
Ro-vibrational spectroscopy
Molecules simultaneously vibrate and rotate. Each vibrational energy level is modelled to
consist of several rotational energy levels, as shown in Figure 2.3. For a given molecule,
particular sets of transitions will occur as different sets of quantum rules apply depending on
the molecule. For example, many diatomics show strong emission in the P- and R-branches,
which respectively describe emission features where the change in rotational energy state, ∆J,
is +1 and −11. Similarly, the Q-branch describes transitions in which ∆J = 0, and the O-
and S-branches describe those where ∆J is +2 or −2 in emission, respectively. The name of
each transition is taken from the rotational energy level in the lower vibrational energy state.
1Note that the signs are reversed when considering these transitions in absorption.
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Hence, the transition from J′ = 1 to J′′ = 2 is known as P(2). In all of the above cases, there
are no restrictions on ∆v.
The P- and R-branches are the most commonly observed types of ro-vibrational transition
in molecules, such as from the emission of small hydrocarbons (e.g. C2H2 and C4H2) in the
PN SMP LMC 11 (Bernard-Salas et al., 2006). Q-branch transitions are only observed when
the ground electronic state of a molecule has an orbital angular momentum that is non-zero.
The O- and S-branches are observed in homonuclear diatomic molecules such as H2, and
these transitions are typically associated with Raman scattering, in which a photon is absorbed
and quickly re-emitted at a slightly different wavelength.
In summary: the infrared spectra of PNe are dominated by the emission of atomic lines
from quantum-forbidden fine structure electronic energy states, molecules and dust. The
next section explains how IR emission lines can be used to obtain specific astrophysical
information in sources such as PNe.
2.2 Infrared emission lines
The forbidden emission lines observed within a PN spectrum provide information on the
chemical compositions and physical conditions around the star. This section explains how the
analysis of the emission lines at IR wavelengths is advantageous, relative to those in other
wavelength regions, for the work in this thesis.
2.2.1 Metallicity and abundance
A standard method of describing the chemical composition of a star or region is by the mass
fraction of hydrogen (X), helium (Y ) and metals (Z), where metals are defined as any element
heavier than helium. The quantity Z is also known as the metallicity. For the Sun: X ∼ 0.7,
Y ∼ 0.28 and Z ∼ 0.02 (e.g. Osterbrock and Ferland 2006; Wheeler et al. 1989).
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For studies of PNe, it is more characteristic to refer to their chemistry in terms of abun-
dances. These are often given in the form 12 + log(M/H), where M is the element for which
the abundance is being measured.
In order to calculate ionic abundances from spectra of planetary nebulae, radiative trans-
fer processes must be considered. The equations of radiative transfer are the following
(e.g. Simpson 1975):
dIν
ds
= jν −κν Iν (2.7)
dIν
dτν
=
jν
κν
− Iν (2.8)
where Iν is the specific intensity of a light ray (units: erg cm−2 s−1 Hz −1 steradian−1), s is the
displacement along the ray, jν is the emissivity (i.e. the ratio of the energy radiated from the
stellar surface compared to that of a blackbody; units: erg cm−3 s−1 Hz−1 steradian−1), κν
is an absorption coefficient (units: cm−1) and τν is the optical depth (dimensionless). From
spectra of PNe, the abundances of many elements can be calculated from the emission of
forbidden lines which originate from the more optically thin regions of the stars, where there
are low probabilities of absorption.
The abundance of an ion in a planetary nebula is effectively defined as its density relative
to the density of protons in this source. These values can be obtained by examining the
intensities of the relevant spectral lines, as well as their wavelengths (which are related to
the energy of the photons), the statistical populations of the electronic energy levels and the
relevant coefficients of spontaneous emission and recombination. Hence, ionic abundances
are measured by:
nion
np
= ne
Iion
IHβ
λul
λHβ
αHβ
Aul
( nu
nion
)−1
(2.9)
where np is the proton density, ne is the electron density, Iion is the intensity of the ionic
line, λul is the line wavelength, αHβ is the effective recombination coefficient for Hβ , Aul is
the Einstein coefficient of spontaneous emission, and nu/nion is the ratio of the upper level
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population of the transition to the entire population of the ion. Note that the line intensities,
defined as the extinction-corrected flux values, require relatively small extinction corrections
at IR wavelengths compared to those in other wavelength regions. At these wavelengths,
the main ionic emission states of neon, sulphur and argon are observed. To account for
ionisation states that are not observed at IR wavelengths, there are two options: either obtain
complementary information from studies at other wavelengths, or apply ionisation correction
factors for the missing ions. All of this is explained in more detail in Chapter 3.
In the literature, the abundance of iron is often used as a metric for metallicity, and the
quantity Fe/H is often given in the form:
Fe/H = log10
[ Fe/H
(Fe/H)⊙
]
(2.10)
Hence, any iron abundances given as negative numbers in this thesis use this convention.
2.2.2 Probing physical conditions
At mid-IR wavelengths, the observed fine structure emission lines of ions, such as those
from the 3P states in S2+ and Ne2+, can be used to determine the electron densities (ne)
of these species. With the inclusion of optical data, the electron temperatures (Te) of many
ions can also be calculated. Both of these quantities are required for calculating the ionic
abundances as per equation (2.9); while ne is directly applied, Te governs the populations of
upper electronic energy levels.
The spacing between energy levels is key in explaining how to obtain these physical
conditions. In PNe, the energy is thermal, in accordance with:
E =
3
2
kBTe (2.11)
where kB is the Boltzmann constant, 1.381 × 10−23 J K−1, and Te is the electron temperature
of the ion.
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Fig. 2.4 Top: The energy level diagram for [S III] and density plot at two different temperatures.
Bottom: The energy level diagram for [O III] and temperature plot (bottom-right diagram
from Bernard-Salas 2003). The energy values on the left-hand plots represent those above the
ground electronic state.
The top two panels of Figure 2.4 show how the intensity ratios of the two infrared
fine structure lines show little temperature dependence, and are hence ideal for calculating
the electron density (ne) of S2+ around a PN. Indeed, the ratios of any two lines which
have different probabilities of radiative transition or collisional de-excitation will exhibit a
dependence on the electron density.
The populations of the upper electronic energy levels in PNe are governed by the amount
of thermal energy available to excite the electrons (collisions are not a typical cause of
excitation in PNe due to low densities). Hence, they are temperature-dependent. For a given
ion, Te can be calculated from the intensity ratios of electronic transitions originating from
states with a large energy difference, as shown by the bottom panels of Figure 2.4 for O2+.
These typically use either optical lines, or a combination of optical and IR, due to the inverse
relation between energy and wavelength from equation (2.1).
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Infrared spectra show the emission of carbonaceous molecules that are associated with
dust. They also show the atomic lines of low-excitation electronic transitions, which can be
used in the analysis of both the chemical composition and the physical conditions around PNe.
The next section gives a brief history of infrared astronomy, and details the two instruments
used to obtain the data analysed in future chapters.
2.3 Infrared airborne and space telescopes
2.3.1 History
Spectral observations of PNe at mid- and far-IR wavelengths are best obtained from outside of
Earth’s atmosphere, as much of their emission are blocked by the absorption of water at these
wavelengths. While current ground-based telescopes can accurately observe in the near-IR
(e.g. the William Herschel Telescope or the United Kingdom Infrared Telescope), the emission
of dust and atomic lines at greater IR wavelengths are more likely to be detected by telescopes
that are either airborne or in space.
Indeed, airborne telescopes can detect most astronomical IR radiation from the lower
stratosphere (Erickson, 1992). One of the pioneering airborne telescopes is the Kuiper
Airborne Observatory (KAO, 1974–95), which operated with a 91 cm telescope that observed
at IR wavelengths. KAO was the first telescope to detect the rings of Uranus (Elliot et al.,
1977) and the atmosphere of Pluto (Elliot et al., 1989). It was capable of photometry and both
echelle and heterodyne spectroscopy from ∼ 0.3 to ∼ 600 µm 2.
The first space telescope to operate at IR wavelengths was the Infrared Astronomical
Satellite (IRAS, February–November 1983). Its main scientific goals were to carry out a
sky survey that was unbiased from the effects of the Earth’s atmosphere, and to detect point
sources. It took photometric observations at wavelengths of 12, 25, 60 and 100 µm, as
well as taking spectral observations in the range 7.5–23 µm with resolving power of 14–
2From “NASA’s Kuiper Airborne Observatory, 1971–1995: An Operations Retrospective With a View
to SOFIA”, written by Erickson & Meyer (2013). URL: https://history.arc.nasa.gov/hist_pdfs/nasasp2013-
216025.pdf
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35 (Neugebauer et al., 1984). While it was active, it mapped around 96% of the entire sky. It
has also been credited with the discovery of six comets and several other galaxies (e.g. Green
et al. 1985; Meadows 1984).
IRAS was followed up by the Infrared Space Observatory (ISO, 1995–98). ISO improved
upon IRAS through its greater wavelength coverage (∼ 2–197 µm in spectroscopy with the
Short/Long Wavelength Spectrometers (SWS/LWS) and up to 240 µm in photometry with
ISOCAM and ISOPHOT), sensitivity and spatial resolution (Kessler et al., 1996), with which
it enabled observations of many PNe within the Milky Way.
The JAXA-run AKARI (2006–11; Murakami et al. 2007) used a 68.5 cm telescope and
consisted of two main instruments: the Infrared Camera (IRC), which carried out spectroscopy
over the wavelength range 1.8–26.5 µm (Onaka et al., 2007), and the Far-Infrared Surveyor
(FIS), producing photometry at 65, 90, 140 and 160 µm and Fourier transform spectroscopy
from 50–180 µm (Kawada et al., 2007). The latter became defunct after August 2007 due to
the crygoenic helium supply of AKARI running out. Studies of PNe from AKARI were able to
utilise observations of dust emission features at 3.3 and 3.4 µm (respectively attributed to
PAHs and HAC, e.g. Tielens 2005); this has not been possible with any other space telescopes
since ISO.
The most recent infrared Space telescope, the Herschel Space Observatory (2009–13),
specialised in far-IR wavelengths. It was capable of spectroscopy in the wavelength range
55–625 µm, including integral field unit (IFU) spectroscopy with the PACS instrument,
heterodyne spectroscopy with HIFI and imaging Fourier transform spectroscopy with SPIRE,
as well as photometry from 60–210 µm with PACS and at 250, 350 and 500 µm with
SPIRE (Pilbratt et al., 2010). With Herschel, the first spatially resolved images of PNe
at far-IR wavelengths were obtained (e.g. Ueta et al. 2014), providing information on the
photodissociation regions of particular PNe, as can be detected from emission of cooling lines
such as [O I] at 63 and 146 µm, and [C II] at 158 µm.
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The next dedicated space telescope for infrared astronomy is the James Webb Space
Telescope (JWST), estimated for launch in 2021 (at time of writing). A detailed description
of its capabilities is given in Chapter 7.
2.3.2 The Spitzer Space Telescope
The Spitzer Space Telescope (2003 –) is the first telescope that has been sensitive enough to
detect the infrared spectroscopic emission from PNe in the outer reaches of the Milky Way.
The first reported publication based on the original ideas for the Spitzer Space Telescope
came from NASA, dating back to 1976 (seven years before the launch of IRAS). The idea
of an infrared telescope with a 1.2 m mirror (compared to the ∼ 60 cm mirrors of IRAS
and ISO), that would be cooled below temperatures of 20 K with supercritical helium, was
then introduced as the Spacelab Infrared Telescope Facility (SIRTF) (Witteborn and Young,
1976). Through its production, the primary mirror was scaled down to 85 cm, and SIRTF was
renamed the “Spitzer Space Telescope” shortly after it was launched, after Lyman Spitzer Jr.,
the man credited for the idea of using telescopes in space.
Spitzer has three main instruments: the Infrared Spectrograph (IRS), the Infrared Array
Camera (IRAC) and the Multiband Imaging Photometer for Spitzer (MIPS). IRAC carried out
photometry at 3.6, 4.5, 5.8 and 8.0 µm, with the intention of viewing galaxies at redshifts
of 1 < z < 5 (Fazio et al., 2004), for which peak emission of stellar atmospheres is typically
observed at a rest wavelength of 1.6 µm (John, 1988). While the rest of the instruments on
board Spitzer have been inactive since 2009, the 3.6 and 4.5 µm cameras are still collecting
data as part of the Spitzer “warm mission” (Fajardo-Acosta et al., 2007; Squires et al., 2007).
MIPS specialised in mid- to far-IR astronomy, and was capable of both photometry (at 24, 70
and 160 µm) and spectroscopy from 52–100 µm (Rieke et al., 2004).
The Infrared Spectrograph (IRS)
All of the science involving Spitzer in this thesis will involve use of the IRS, as its mid-IR
wavelength range of ∼ 5–37 µm is ideal for examining the emission of dust features, and
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observing the main emission lines of neon, sulphur and argon ions for the calculation of
their elemental abundances. Spitzer IRS produces both low- and high-resolution spectra from
within four modules, as described in Table 2.1. The ‘short’ or ‘long’ refers to the wavelength
range of the instrument, whereas the ‘low’ or ‘high’ describes the resolution. The sensitivity
is greatest in the SL module, as shown in Figure 2.5, which is better suited for observing faint
spectral features (e.g. weak dust emission); the high-resolution modules are better used for
detecting atomic line emission. The wavelength ranges covered by these spectrographs are
shown in Table 2.2.
The structure of the low-resolution modules is shown in Figure 2.6. These consist of two
main orders (slits) plus a third ‘bonus’ order. Within each of these orders, the spectra are
taken in two ‘nod’ positions, at one-third and two-thirds of the way along the order width.
The two peak-up arrays obtain images at central wavelengths of 16 and 22 µm (for the blue
and red arrays, respectively). These are used to locate the target and reposition the spectral
slits so that it can be observed. The high-resolution modules are echelle spectrographs, i.e.
they consist of several (in this case, ten) cross-dispersed orders, as shown in Figure 2.7.
The modules have different surface areas, and hence the amount of flux that each can
detect is also different. The spectra analysed from Spitzer IRS in this thesis are scaled to the
LH module, as it has the largest surface area and hence can detect the largest amount of flux
from the observed source.
2.3.3 Stratospheric Observatory for Infrared Astronomy (SOFIA)
SOFIA (2010 –) is a 2.5 m telescope run by NASA that is fully operated on a Boeing 747 aero-
plane, built as a successor to KAO. SOFIA has eight main instruments, covering wavelengths
Table 2.1 The four modules of the Spitzer IRS.
Name Meaning Wavelength range (µm) Resolution Angular size
SL Short-Low 5.1 – 14.5 60 – 127 3.6′′ × 57′′
LL Long-Low 14.0 – 38.0 57 – 126 10.5′′ × 168′′
SH Short-High 9.8 – 19.5 ∼ 600 4.7′′ × 11.3′′
LH Long-High 18.7 – 37.2 ∼ 600 11.1′′ × 22.3′′
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Fig. 2.5 Sensitivity of Spitzer IRS to 1-sigma detections, with a medium sky background, a
512 s integration time and an ecliptic latitude of 0◦. Figure amended from the Spitzer IRS
Instrument Handbook.
Table 2.2 The wavelengths of the Spitzer IRS orders.
Module Order Wavelength range (µm) Module Order Wavelength range (µm)
SL
2 5.1 – 7.6
LL
2 14.0 – 21.3
3 7.3 – 8.7 3 19.4 – 21.7
1 7.4 – 14.5 1 19.5 – 38.0
SH
20 9.8 – 10.7
LH
20 18.7 – 20.7
19 10.3 – 11.3 19 19.7 – 21.8
18 10.9 – 12.0 18 20.8 – 23.0
17 11.6 – 12.7 17 22.0 – 24.3
16 12.3 – 13.6 16 23.4 – 25.9
15 13.1 – 14.5 15 24.9 – 27.5
14 14.0 – 15.5 14 26.7 – 29.4
13 15.0 – 16.6 13 28.7 – 31.7
12 16.3 – 18.0 12 31.0 – 34.2
11 17.7 – 19.5 11 33.7 – 37.2
between 360 nm and 612 µm, through spectroscopy (EXES, FIFI-LS, FORCAST, GREAT)
and photometry (FLITECAM, FORCAST, FPI+, HAWC+, HIPO). Of these instruments,
GREAT covers heterodyne spectroscopy and HAWC+ can also be used as a polarimeter.
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Fig. 2.6 Left: Schematic diagram of the Spitzer IRS short-low (SL) module with labels:
(1) Pick-off mirror for incident light; (2) Slits; (3) Pass filters, which maintain light of the
required wavelengths; (4) Collimator; (5) Grating; (6) Schmidt corrector lens, used to diffract
the light to reach spherical lenses; (7) Schmidt camera; (8) Focal plane array, which shows
the output. Figure amended from the IRS Instrument Handbook. Right: Schematic diagram
of the output from the Spitzer IRS short-low (SL) module. The long-low (LL) module has a
similar layout of the spectral orders, but does not include the peak-up arrays.
Fig. 2.7 Left: Schematic diagram of the Spitzer IRS short-high (SH) module with labels:
(1) Pick-off mirror for incident light; (2) Slits; (3) Pass filter; (4) Collimator; (5) Cross-
dispersion grating; (6) Echelle grating; (7) Camera mirror; (8) Focal plane array. Figure
reproduced from the IRS Instrument Handbook. Right: Example SH nod 1 spectrum from
PN M4-18, post-data handling; see § 2.4 for more information on these steps.
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The Far-Infrared Field-Imaging Line Spectrometer (FIFI-LS)
FIFI-LS has a resolution R ∼ 500–2000, depending on the observed wavelength. Unlike
Spitzer IRS, FIFI-LS works as an IFU spectrometer; it has two channels, the ‘blue’ channel
(51–120 µm, FOV = 0.5 square arcminutes, 6′′ × 6′′ pixel size) and the ‘red’ channel (115–
203 µm, FOV = 1 square arcminute, 12′′ × 12′′ pixel size), through which spectra can be
obtained through each individual pixel. Both channels consist of 5 × 5 pixels, which can be
reorganised as an effective 25 × 1 pixel slit, then the light is dispersed by a diffraction grating
and picked up by a 16 × 25 pixel detector array. Figure 2.8 shows this schematically.
The far-IR wavelength range of FIFI-LS enables us to observe the spectra of cooling lines
around a PN, particularly the [O I] 63 and 146 µm and [C II] 158 µm lines. These emission
lines are typically observed within the neutral PDRs around PNe (see § 1.3), and therefore
IFU spectra of these lines can provide insight into the environments in which the dust is
located.
Fig. 2.8 Schematic diagram of the FIFI-LS instrument on board SOFIA. Figure reproduced
from the Cycle 6 SOFIA Observers’ Handbook.
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2.4 Data processing
Data from Spitzer IRS and SOFIA FIFI-LS are ideal for examining the emission of atomic
lines, dust, organic molecules and neutral species from PNe. This section explains the
processes involved in the data handling from both instruments, using programs written in
Interactive Data Language (IDL).
2.4.1 Spectroscopic Modelling Analysis and Reduction Tool (SMART)
The SMART program (Higdon et al., 2004) provides a graphical user interface designed
to carry out the reduction of Spitzer IRS data. The reduction and extraction of spectra in
Chapters 3, 4 and 5 of this thesis have been carried out using SMART version 8.2.9, released
in September 2014. Figure 2.9 shows a flowchart of all involved processes, from downloading
the data to extracting the spectra.
A full catalogue of Spitzer IRS data is available to download from the Spitzer Heritage
Archive3. The Spitzer data analysed throughout this thesis have been reduced and handled
3http://sha.ipac.caltech.edu/applications/Spitzer/SHA/
Fig. 2.9 Flowchart showing the processes of data handling and extraction through SMART.
HR = high resolution; LR = low resolution. The extraction methods are explained in the text.
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Fig. 2.10 Two DCEs from an exposure of the planetary nebula Y-C 2-5, from nod 1 of the
LH module of Spitzer IRS. The DCE on the left is relatively typical, whereas the DCE on the
right shows uneven dark current and is therefore disregarded. The bright spot slightly to the
lower-left of centre is the [O IV] 25.9 µm emission line.
from the original uncalibrated Level 1 data. Each observation was cleaned of rogue pixels
using the IRSCLEAN4 program.
Several spectra were taken from both nod positions of a particular module. The spectra
taken from each nod are known as data collection events (DCEs), which were used to produce
a combined spectrum after cleaning rogue pixels. Before combination, care was always taken
to remove DCEs from which there were issues with uneven dark current, such as in the image
shown on the right of Figure 2.10. Otherwise, the flux observed in each of the orders would
be greater towards blue wavelengths, which would make the stitching of orders difficult. To
further reduce noise levels and glitches, low-resolution data were subtracted by those from
the opposite nod, and high-resolution data were subtracted by off-position observations.
Spectra were then extracted using one of several methods offered by SMART. These
were based on the resolution and the diameter of the source, as shown in Figure 2.9. For
high-resolution data, full-aperture extractions were used. These involved summing the flux
over the spectral slits, and pixels with “not-a-number” (NaN) values were replaced with
average pixel values. Low-resolution data were extracted through one of three methods. The
standard method is the “tapered column” extraction, which sums the flux over the slit using a
4Available from the Spitzer Science Center website: http://ssc.spitzer.caltech.edu.
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column that increases with the point-spread function (PSF), i.e. the response of the instrument
when observing a point source, which increases with wavelength. This is in accordance with:
θ =
1.22λ
d
(2.12)
where θ is the angular resolution of the instrument in radians, λ is the observed wavelength
of light and d is the diameter of the observing aperture.
Spectra of smaller sources were extracted using the Advanced Optimal Extraction (AdOpt,
Lebouteiller et al. 2010) method, which measures the PSF at each wavelength and weights
each pixel by their signal-to-noise ratio, instead of weighting them equally. For more extended
sources, a “fixed column” extraction was preferred, as this added the flux within a wider area
than a tapered column extraction offers. In all cases, user interaction was required to identify
the source within the spectral image.
After the spectrum was extracted, the edges of the orders (which are typically noisy)
were masked en masse (though the edges of particular orders would be unmasked if they
covered wavelengths with emission of dust features or atomic lines), and glitches were masked
individually. Lines were measured using the ISO Spectral Analysis Package (ISAP, Sturm
et al. 1998), in which a continuum was fit to data points specified by the user, and a Gaussian
was fit by identifying the line. Flux values are given in W m−2.
For broad dust emission features, SMART has been used to fit multiple Gaussians with
specified wavelengths and full-width half-maxima (FWHM). The methods for this are detailed
in Chapter 4. However, single-Gaussian flux measurements for dust emission features are
carried out by use of an external program based on SMART, which fits the Gaussian within
a specified wavelength range and with an extra central point, which may be user-defined or
fit at the peak if chosen. If there is a relatively low signal-to-noise ratio in a spectrum, the
recorded peak flux value may not represent that of the feature. Hence, I have defined each of
the central points for the broad dust flux measurements.
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2.4.2 FLUXER
The handling of SOFIA data was carried out using FLUXER. This is a program created by
Christof Iserlohe5, designed to handle IFU data from various telescopes such as SOFIA,
Keck and the Very Large Telescope (VLT). Figure 2.11 shows the main processes involved in
displaying the data and measuring flux values.
The SOFIA FIFI-LS data used in this thesis were reduced and corrected before being
handled in FLUXER. A brief summary of the pipelines used for reduction, in accordance
with the Guest Investigator Handbook for FIFI-LS Data Products6, is as follows: background
noise was removed through the chopping and nodding of the telescope, where “chopping”
involves the subtraction of the sky background from the source flux and “nodding” infers
the combination of images of the same source taken from two different observing slits.
Wavelengths were calibrated to account for the motion of Earth with regard to the local
standard of rest, i.e. the mean movement of material from the Galactic disk, as observed
from within the solar neighbourhood (e.g. Shu 1982). Flat-field frames were removed and
telluric corrections were made, resulting in data being masked at wavelengths corresponding
to emission from Earth’s atmosphere. Flux values were calibrated to nearby asteroids or
moons, as few stars emit strongly at far-IR wavelengths.
5http://www.ciserlohe.de/fluxer/fluxer.html
6https://www.sofia.usra.edu/sites/default/files/FIFI-LS_GI_Handbook_RevB1.pdf
Fig. 2.11 Flowchart showing the processes of Level 4 data handling through FLUXER.
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The reduced data cubes were accessed through FLUXER. Each data cube covered wave-
lengths within ∼ 0.5 µm on both sides of the line of interest. Figure 2.12 shows examples
from the user interface. The wavelength ranges for the peak and continuum were specified in
one pixel by the user, and these wavelength bounds were fit to the spectra in all pixels. At this
stage, spatial maps of quantities such as the flux values and peak wavelengths of the emission
lines could be plotted.
Flux measurements from spectral lines were measured by applying an annulus of specified
radius to cover as many pixels as possible, and summing over the flux values for each pixel.
There are greater uncertainties in flux values when the emission map is not circular.
Fig. 2.12 Examples of spectra and IFU maps as shown from the FLUXER interface. Top:
the spectrum of one pixel from the IFU ([O I] 146 µm in PN M1-11). The two red dashed
vertical lines represent the peak wavelength range, the black dot-dashed vertical lines are the
specified continuum wavelengths. The original spectum consists of the continuum (yellow)
and the emission line (black), over which a Gaussian is fitted (cyan) with central wavelength
shown by the dark blue dashed line. On the y-axis, flux is measured in Janskys. Bottom-left:
intensity map of all pixels in the IFU using specified line limits from top figure. Black regions
represent pixels where the Gaussian flux between the specified wavelengths is less than zero.
Bottom-right: map of central wavelengths for all pixels in the IFU. In the bottom figures, the
highlighted pixel represents the spectrum of the top figure.
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The flux is given in Janskys, where:
1 Jy = 10−26 W m−2 Hz−1 (2.13)
By multiplying by the width of a wavelength bin in the spectrum, a value in Jy µm was
obtained. These units were converted to W m−2 by:
F(W m−2) =
F(Jy µm)
λ 2
× 3×1014 (2.14)
where 3 × 1014 represents the speed of light in units of µm s−1. If the observed area of the
target was known in square arcseconds, the flux per steradian was given as:
F(W m−2 sr−1) = F(W m−2) × A (sq.arcsecs)
4.25×1010 (2.15)
where 4.25 × 1010 is the number of square arcseconds in a steradian. These units are used
with the models in Chapter 6.
2.5 Summary
Infrared spectra are ideal for observing dust features around PNe, such as PAHs and fullerenes,
and for observing the forbidden line emission from the fine-splitting ground electronic states
for ions of elements such as neon, sulphur and argon. The elemental abundances can be
deduced from these observations, and the physical conditions of these sources, such as the
electron temperatures and electron densities, can be calculated from the intensities of these
mid-IR emission lines. With the Spitzer Space Telescope, all of these lines and features can be
observed from PNe in the outskirts of the Milky Way. At far-IR wavelengths, emission from
neutral and low-ionisation species can be observed with SOFIA. These lines originate from
the PDRs of PNe, which also contain the dust around these stars, and hence this cooling line
emission can be analysed to provide the physical conditions of the environments in which
these dust features are observed.
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The underlying physics and main methodologies applied throughout this thesis have now
been introduced. In the next chapter, the abundances of a sample of PNe located towards
the outskirts of the Milky Way galaxy, as observed with Spitzer IRS, are investigated in
order to establish the potential continuation of the Galactic abundance gradient introduced in
Chapter 1.
Chapter 3
Neon, sulphur and argon abundances of
planetary nebulae in the sub-solar
metallicity Galactic anti-centre
(The work presented in this chapter has been published in Astronomy & Astrophysics
as Pagomenos et al. 2018. A preliminary version was also published in a conference proceed-
ings as Pagomenos et al. 2017.)
3.1 Introduction
As Sun-like stars (of ∼ 0.8–8 M⊙) evolve, they eventually become planetary nebulae (PNe).
In this evolutionary phase, the star has lost enough of its convective envelope through stellar
winds to expose its inner, hotter regions, causing this ejected material to become ionised. The
ionic and elemental abundances of this PN ejecta can be determined by analysing the strong
forbidden emission lines of the ions in the stellar spectrum.
Spectra of PNe taken at mid-IR wavelengths show numerous α-process elements, such as
neon, sulphur and argon. While the abundances of elements like helium and carbon change
significantly throughout the course of stellar evolution, those of neon, sulphur and argon are
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unchanged (e.g. Marigo et al. 2003), making them useful probes of metallicity at the epoch of
stellar formation. Abundance studies carried out at optical wavelengths commonly use oxygen
as a metric for metallicity, as the observed emission lines of O+ and O2+ are always strong.
However, during the evolution of these low- to intermediate-mass stars, the abundances of
oxygen are known to change. This particularly occurs within the asymptotic giant branch
(AGB) phase, in which the third dredge-up brings helium, carbon and a small amount of
oxygen to the outer envelope of the star. For stars with mass ≳ 4 M⊙, some oxygen will also
be destroyed by hot bottom burning (e.g. Delgado-Inglada et al. 2015; Karakas and Lattanzio
2014). An empirical study by Delgado-Inglada et al. (2015) has also shown that oxygen
enrichment can occur in Galactic PNe with carbonaceous dust. It has been proposed by García-
Hernández et al. (2016) that this can be explained by diffusive convective overshooting
processes, i.e. those that extend core mixing beyond the Schwarzschild boundary of main
sequence stars (Böhm-Vitense, 1958; Herwig et al., 1997), produce significant increases in
oxygen abundances around solar metallicity (Marigo, 2001; Pignatari et al., 2016).
While most abundances from observational studies have been measured using optical
spectra, there are some advantages to analysing PNe using infrared spectra. These are
described in several studies (e.g. Bernard-Salas 2003; Pottasch and Beintema 1999; Rubin
et al. 1988), but can be summarised as follows: extinction corrections are greatly reduced at
IR wavelengths compared to those in the optical and ultraviolet regions; many ionic emission
lines are observable for Ne, S and Ar within this wavelength range, and hence the need for
ionisation correction factors (ICFs) in calculating elemental abundances is reduced; as these
IR lines also originate from energy levels close to the ground state, both the uncertainties in
the electron temperatures of any ion measured at IR wavelengths and temperature fluctuations
within the PN can have little effect on the overall abundances. For this study in particular, the
extinction corrections are reduced further as the Galactic anti-centre, a region with much less
extinction than the bulge (e.g. Pottasch and Bernard-Salas 2015), is considered.
The presence of the Galactic metallicity gradient was made clear in a sample of H II
regions by Shaver et al. (1983) for nitrogen, oxygen, sulphur and argon. Since then, it has
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been further studied not only in H II regions (e.g. Esteban et al. 2017; Fernández-Martín et al.
2017; Martín-Hernández et al. 2002) but also in PNe (e.g. Maciel et al. 2015; Maciel and
Quireza 1999; Pottasch and Bernard-Salas 2006), young B-type stars (e.g. Fitzsimmons et al.
1992; Rolleston et al. 2000), Cepheid variables (e.g. Andrievsky et al. 2002a,b,c; Genovali
et al. 2015; Lemasle et al. 2013; Luck et al. 2003), open clusters (e.g. Friel 1995) and young
stars (e.g. Magrini et al. 2017).
While the presence of the metallicity gradient in the Galactic disk is agreed upon over
Galactocentric distances (Rg) in the range 4–10 kpc, its continuation towards the anti-centre
is debated. Studies of H II regions (Esteban et al., 2017; Fernández-Martín et al., 2017) and
B-type stars (Smartt, 2000) have found that there is little variation in the gradient far from
the Galactic centre, yet a study of Cepheid variables from Andrievsky et al. (2002c) showed
the gradient flattening with Rg. Samples of PNe have also been previously analysed in the
anti-centre with conflicting results. Costa et al. (2004) showed that the oxygen abundances of
a group of PNe, 8–15 kpc away from the Galactic centre, did not directly follow the gradient
but instead flattened beyond 10 kpc. This has also been observed in the nearby spiral galaxies
M31, M33, M81 and NGC 300 (Magrini et al., 2016). However, the sample of Henry et al.
(2010) suggested that the gradient steepened beyond this distance.
Chemical evolution models of the Milky Way have predicted that the radial abudance
gradient will flatten over time due to several factors, such as the methodologies of Galactic
archaeology, in which metallicity increases over time due to the death of massive stars, causing
enrichment in the ISM (e.g. Minchev et al. 2013), and radial migration (e.g. Kubryk et al.
2015; Minchev et al. 2014, 2012; Vera-Ciro et al. 2014), in which the angular momentum
from stars is redistributed, leading to the movement of stars from the Galactic disk and
hence contributing to a flattening radial metallicity gradient with Galactocentric distance
(e.g. Sellwood and Binney 2002).
Investigations into the time evolution of the radial metallicity gradient have given varying
results, with several studies of PNe finding an overall steepening with time (e.g. Chiappini
et al. 2001; Kubryk et al. 2015; Maciel and Quireza 1999; Stanghellini and Haywood 2010),
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suggesting that the Galactic disk formed slowly (Chiappini et al., 1997). However, Maciel
et al. (2003) showed the gradient to flatten over time. Studies of open clusters and field stars
have also given varying conclusions on this matter (Anders et al., 2017).
In this chapter, the abundances of neon, sulphur and argon are derived in a sample of 23
PNe located towards the Galactic anti-centre using IR data, in order to study the metallicity
gradient beyond 10 kpc, and these are compared to other IR spectroscopic samples from the
Milky Way that were analysed in the same way.
The layout of this chapter is as follows: In § 3.2, the source selection and the basic data
reduction and extraction methods are discussed. In § 3.3, the methods used to calculate flux,
intensity, abundance values and Galactocentric distances are explained. The implications of
these data on the metallicity gradient in the further regions of the Milky Way are considered
in § 3.4. Finally, in § 3.5, the main results are summarised.
3.2 Data
3.2.1 Observations
The observations were made with Spitzer IRS (Houck et al., 2004; Werner et al., 2004)
through GTO program 40035 (PI: J. Bernard-Salas). The observations were carried out
between December 2007 and December 2008 with the staring mode of the IRS using the
Short-Low (SL), Short-High (SH) and Long-High (LH) modules (see Table 2.1), each allowing
for simultaneous observations from two nod positions, at 1/3 and 2/3 of the way along the
observing slit.
The 23 sources are listed in Table 3.1. These were chosen from the Strasbourg-ESO
catalogue compiled by Acker et al. (1992), in order to meet the following two criteria: (a)
the sources were located in the direction of the anti-centre (l = 120–240◦, b = 0◦ ± 20◦);
(b) the physical sizes of the PNe were generally small enough to fit in the widest observing
slit of Spitzer IRS (LH, 11.1′′ × 22.3′′), thus minimising the aperture corrections required to
account for the different slit sizes. These small angular sizes further suggest the location of
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Table 3.2 Aperture corrections applied to each of the line flux values.
PN Diameter (′′) SL → SH SH → LH
J320 7 1.40 1.47
K3-65 5 1.20 1.15
K3-66 2 1.05 1.00
K3-67 2 1.00 1.00
K3-68 12 1.50 2.00
K3-69 <1 1.00 1.00
K3-70 2 1.00 1.05
K3-71 3 1.00 1.00
K3-90 10 1.00 2.00
K4-48 2 1.15 1.08
M1-1 5 1.00 1.50
M1-6 4 1.20 1.12
M1-7 11 1.00 2.20
M1-8 18 1.00 2.00
M1-9 3 1.12 1.07
M1-14 5 1.50 1.30
M1-16 3.6 1.38 1.18
M1-17 3 1.18 1.05
M2-2 7 2.30 2.00
M3-2 8 1.00 1.00
M4-18 4 1.12 1.00
SaSt2-3 <1 1.00 1.00
Y-C 2-5 8 1.00 1.70
the PNe towards the anti-centre, as opposed to within the solar neighbourhood; many PNe
with Galactocentric distances of less than ∼ 3 kpc typically have sizes of at least 30′′ × 30′′
(e.g. Frew et al. 2016). The sample size of 23 allows for significant statistical analysis in the
upcoming abundance plots and metallicity gradients, and is comparable to those of other PN
studies.
3.2.2 Data reduction and extraction
The basic calibration data (bcd) image files obtained from the Spitzer IRS were processed
through the Spitzer Science Centre (SSC) pipeline, version S18.18, then reduced and analysed
through the "Spectroscopic Modelling Analysis and Reduction Tool" (SMART) (Higdon et al.,
2004).
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Fig. 3.1 The full Spitzer IRS spectrum of M1-16 (top) and M1-8 (bottom). The low resolution
spectra (SL) are shown on the left, and the high resolution spectra (SH and LH) are on the
right.
The data reduction processes are explained in detail in Chapter 2. Most of the PNe in this
sample were chosen such that all of the source flux would fall within the LH module. In fact,
15 of the 23 targets also have a physical diameter of ⩽ 5′′, so in these cases most of the flux
would also be detected by the smaller and narrower SH module (4.7′′ × 11.3′′). Some of the
source flux still might not be detected by the SL and SH modules, resulting in jumps in the
baseline continuum. To account for this, the SL and SH flux values are scaled by matching
the continua in the overlapping wavelength regions. The scale factors are listed in Table 3.2.
Figure 3.1 shows the full low- and high-resolution spectra of two representative PNe in
the sample, M1-16 and M1-8.
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3.3 Analysis
3.3.1 Ionic abundances
The ionic abundances obtained from the spectra have been calculated using equation (2.9).
For the derivation of the neon, sulphur and argon abundances, the emission lines have been
observed for the most populated ions of these elements: Ne+, Ne2+, Ne4+, S2+, S3+, Ar+,
Ar2+ and Ar4+. These IR ionic abundances are complemented with those of the missing
ionisation states from optical spectra (Ne3+, S+ and Ar3+) in the literature in order to avoid
or reduce the need for ICFs. These values were primarily taken from Henry et al. (2010)
and references included in Sterling and Dinerstein (2008). As IR and optical data are being
compared, homogeneity is assumed in the slit sizes; this is a resonable assumption as Henry
et al. (2010) use data from the Apache Point Observatory (APO), for which the slit size is
2′′ × 360′′, and most of the PNe from this sample that they have observed are≲ 4′′ in diameter,
so most of the flux will have been detected from these sources. S4+ is also considered, which
is not directly detectable in IR or optical spectra, although it is only expected to contribute to
the overall sulphur abundance for PNe with high IP values. Where there are no flux values
available for any particular line in a PN, correction factors are applied (see § 3.3.6).
3.3.2 Line flux measurements
Flux values for the fine structure ionic emission lines with a ⩾ 3σ detection were determined
by applying Gaussian fits through the ISAP line fitting program (Sturm et al., 1998) in
SMART. The raw F(λ ) values were calculated for each line in each of the two oberving
positions (nods), which typically agreed to within 10%. These were then averaged; in the
few cases where there were any remaining low-level glitches obstructing a particular line,
these were discarded in favour of the flux value from the nod without glitches. The associated
uncertainties were propagated from those calculated from the individual flux measurements
within each nod, unless the difference in flux between the two nods was greater than the
assumed uncertainties, in which case this difference was taken as more representative of the
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Table 3.3 Selected line intensity values from the Galactic anti-centre PNe, in units of
10−14 erg cm−2 s−1. Continued on next page.
PN H I [O IV] [Ne II] [Ne III] [Ne V]
7.5µm 12.4µm 25.9µm 12.8µm 15.6µm 36.0µm 14.3µm 24.3µm
J320 21.3 7.82 ... 6.60 761 50.9 ... ...
K3-65 2.81‡ ... ... 15.0 186 <24.5 ... ...
K3-66 16.4† 6.40 3.20 94.7 185 ... <4.75 <3.74
K3-67 32.7 11.7 7.16 28.3 778 54.2 <5.12 <3.73
K3-68 ... ... 1190 <2.95 37.4 ... 23.0† 23.6
K3-69 4.88† ... 35.3 5.72 176 ... 33.4 8.52
K3-70 3.56† ... 61.0 5.44† 92.7 ... 23.4 15.4
K3-71 1.33‡ ... 913 <2.12 18.6 ... 32.6 43.4
K3-90 ... 1.97† 2070 <2.55 32.6 ... 131 152
K4-48 ... 3.94† 143 20.0 497 23.0 22.4 8.02
M1-1 ... ... 1620 <2.59 30.5 ... 670 753
M1-6 104 36.2† ... 1320 57.5 ... ... ...
M1-7 20.5 8.40† 371 61.4 874 52.7 2.89† 2.63
M1-8 6.31† ... 834 28.9 323 26.4† 63.9 55.9
M1-9 38.5† 8.94 ... 111 371 ... ... ...
M1-14 73.1 25.9 ... 727 446 37.7 ... ...
M1-16 20.3 8.68 854 61.7 1070 76.4 256 147
M1-17 42.9 9.84† 336 47.2 849 67.3† 20.4 11.8
M2-2 63.2 20.9† 216 7.86 1520 99.6 <3.78 <2.85
M3-2 ... ... 27.8 2.59 10.4 ... 5.53 10.7†
M4-18 ... ... ... 334 <142 ... ... ...
SaSt2-3 5.56† ... ... 32.4 <1.78 ... ... ...
Y-C 2-5 2.62† ... 1190 <1.36 86.9 25.9† ... ...
Uncertainties are < 10%, except: † uncertainties 10–20%, ‡ uncertainties 20–35%. * No line
is observed, and the presence of the H2 0–0 S(5) feature at 6.9µm prevents an accurate upper
limit being taken.
uncertainty. The data were then corrected for extinction using the extinction law from Fluks
et al. (1994). Table 3.3 shows all values for the extinction corrected intensities, I(λ ). Upper
limits of 3σ or more were calculated for emission lines of the most important ions of neon,
sulphur and argon when there were no clear detections.
3.3.3 Extinction corrections
The extinction law of Fluks et al. (1994) has been applied to the flux values, which extends that
of Savage and Mathis (1979) into IR wavelengths. This law identifies values of Aλ / E(B−V ),
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Table 3.3 (Continued)
PN [S III] [S IV] [Ar II] [Ar III] [Ar V]
18.7µm 33.5µm 10.5µm 7.0µm 9.0µm 21.8µm 7.9µm 13.1µm
J320 82.1 34.4 1020 <1.72 28.0 <2.39 ... ...
K3-65 49.8 38.4 53.7 8.31 17.9 <1.81 ... ...
K3-66 51.9 22.2 30.2 18.1† 32.7 <2.82 ... ...
K3-67 108 42.1 519† 8.89 66.2 5.00† ... ...
K3-68 10.6 11.1 98.8† <5.60 <4.80 <1.02 <30.9‡ 4.30
K3-69 8.74† <10.4 20.7† <8.57 17.6† <3.04 ... ...
K3-70 28.8 16.9† 39.5 2.96 11.6† <1.48 ... ...
K3-71 3.87† 8.42 57.2 <1.13 1.69‡ <1.34 3.16‡ 2.64
K3-90 6.03† 7.07‡ 170 <1.64 4.86† <1.41 9.13 15.7†
K4-48 38.2 9.22† 56.4 9.91 45.8† 2.52† ... ...
M1-1 14.3 10.6 210 <2.03 4.61 <1.32 6.86† 27.6
M1-6 222 42.5† <9.38 298 151 <10.5 ... ...
M1-7 151 87.3 249 24.5† 77.7 6.10 ... ...
M1-8 47.4 56.7 98.8 * 27.9 3.92 <6.00 6.51
M1-9 129 40.9 59.4 29.7† 49.7† <3.73 ... ...
M1-14 375 112 41.3 39.2 170 10.9 ... ...
M1-16 68.7 32.1 91.3 43.2† 114† 8.09 <14.6 12.1†
M1-17 203 54.9 346 28.3 87.1† 5.89† ... ...
M2-2 112 74.7 1250 2.22‡ 77.1 6.27 ... ...
M3-2 3.59‡ 6.33† 5.46† * 1.93† <1.05 ... ...
M4-18 14.8‡ <13.5 ... 110 ... ... ... ...
SaSt2-3 7.12 7.11† ... 32.4† ... ... ... ...
Y-C 2-5 3.67 <4.77 87.5 * 3.16 <0.88 ... ...
where E(B−V ) = AB − AV ; the ‘B’ and ‘V’ subscripts representing wavelengths of∼ 450 nm
and ∼ 550 nm respectively. The Aλ / E(B−V ) variable is often found in literature as the
extinction ratio R, where RV of interstellar space is commonly taken as 3.1.
To correct observed flux values for extinction, the relation is:
I(λ ) = F(λ )corr = F(λ ) × 100.4 Aλ
= F(λ ) × 100.4 ×
Aλ
E(B−V ) × E(B−V )
(3.1)
In PN abundance calculations, it is standard to use I(Hβ ) as a reference. In opti-
cal studies, this feature can be observed at 4861 Å, which corresponds with a value of
Aλ / E(B − V ) = 3.664. Hence, the multiplying factor in equation (3.1) becomes
101.47 × E(B−V ). Therefore, by defining the extinction correction:
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C(Hβ ) ≡ I(Hβ ) − F(Hβ ) (3.2)
we obtain:
E(B−V ) = C(Hβ )/1.47 (3.3)
Here, C(Hβ ) values from literature have been used for all sources, and I(Hβ ) has been
calculated from recombination lines of neutrally charged atomic hydrogen (H I) using the
relationships from Hummer and Storey (1987).
From inputting values into equation (3.3) and following the corresponding Fluks extinction
law, the IR extinction corrections typically take values of Aλ ≲ 0.2, whereas at optical
wavelengths Aλ ≲ 4.6, emphasising that IR spectra require much lower corrections for
extinction and hence the associated line intensity values will have smaller uncertainties.
3.3.4 Hβ intensity
In the wavelength range of Spitzer IRS the emission lines of several recombination transitions
of H I are observed, the strongest of which are represented by the 7.5 µm and 12.4 µm
lines. Both of these emission lines account for at least two transitions; the H I 6–5, 8–6,
11–7 and 17–8 lines are blended around 7.5 µm (H I 6–5 is the strongest of these transitions,
contributing 74.43% of the total flux) whereas the H I 7–6 and 11–8 transitions both contribute
to the emission line at 12.4 µm (H I 7–6 provides 89.08% of this flux). The Balmer decrement
is applied to obtain values of I(Hβ ) from Hummer and Storey (1987), interpolated to account
for the electron density and temperature values of the PNe. When both of these IR emission
features were observed, their I(Hβ ) values agreed by up to ∼ 25%, and an average was taken.
The calculated I(Hβ ) values are shown in Table 3.4 alongside the F(Hβ ) and I(Hβ )
values from 4861 Å optical line measurements, and C(Hβ ) values from the literature. In
the four cases when neither of the two recombination lines were observed in a spectrum, the
Fluks extinction law (Fluks et al., 1994) was applied to these literature F(Hβ ) values. The
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Table 3.4 I(Hβ ) values for the sample.
PN C(Hβ ) IR log I(Hβ ) Lit. log F(Hβ ) Lit. log I(Hβ )
J320 0.24 −11.13 −11.63(1), −11.39(2) −11.15
K3-65 1.83† −12.05 −14.24*(1) −12.41*
K3-66 0.98 −11.26 −12.22(3) −11.24
K3-67 1.02 −10.91 −12.13(1),−12.07(3) −11.05
K3-68 0.80† ... −12.90(V ) −12.10
K3-69 1.34† −11.80 −13.25(1) −11.91
K3-70 1.45 −11.92 −13.54(1),−13.59(3) −12.09
K3-71 1.14† −12.35 −13.62(1) −12.48
K3-90 1.02 −11.70 −13.40(3) −12.38
K4-48 1.47 −11.39 −12.93(3),−12.82(4) −11.46
M1-1 0.6‡ ... −11.84(1), −11.88(5) −11.24
M1-6 1.57 −10.49 −12.28(1),−12.34(3) −10.77
M1-7 0.40 −11.15 −12.21(1), −12.20(3) −11.80
M1-8 1.1‡ −11.69 −13.12(1), −12.37(5) −12.02
M1-9 0.46 −10.99 −11.66(3), −11.73(4) −11.20
M1-14 0.69 −10.63 −11.58(1),−12.20(3) −10.89
M1-16 0.59 −11.12 −12.80(3), −11.99(6) −11.40
M1-17 0.96 −10.94 −12.00(1), −11.89(7) −10.93
M2-2 1.26 −10.69 −12.22(1), −12.63(3) −10.96
M3-2 0.22# ... −13.26(1), −12.32(5) −12.10
M4-18 0.77 ... −12.01(3), −12.15(8) −11.24
SaSt2-3 0.73# −11.77 −12.68(9) −11.95
Y-C 2-5 0.00 −12.07 −12.65(3), −12.26(4) −12.26
Notes: (1) Acker et al. (1991); (2) Milingo et al. (2002); (3) Henry et al. (2010); (4) Cuisinier
et al. (1996); (5) Carrasco et al. (1983); (6) Perinotto and Corradi (1998); (7) Costa et al.
(2004); (8) De Marco and Crowther (1999); (9) Pereira and Miranda (2007); (V) VizieR
catalogue, given reference unverified. * Large uncertainty. C(Hβ ) obtained from Henry
et al. (2010) except: † from Giammanco et al. (2011); ‡ from Condon and Kaplan (1998);
# from Frew et al. (2013).
resulting values agree with those in literature mostly to within a factor of 2 (more for K3-90
and M1-7). In these situations the IR values are favoured, as the H I lines are measured in the
same spectra as the ionic emission that has been derived. Another advantage of using these
lines to determine F(Hβ ) is that the extinction corrections are far smaller compared to those
from optical wavelengths; Aλ < 4.6 from the use of the 4861 Å Hβ line, whereas Aλ < 0.2
from the IR recombination lines.
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3.3.5 Electron densities and temperatures
Both ne and Te are needed to determine abundance values; ne is a direct component of their
calculation (see equation 2.9) whereas Te designates the statistical populations of the excited
electronic states present within the ion. These are listed in Tables 3.5 and 3.6 respectively, and
the transition probabilities and collision strengths used in calculating these values are shown
in Table 3.7. These values were taken from TIPbase, part of the IRON project (Hummer et al.,
1993).
As explained in Chapter 2, IR lines originate from electronic transitions close to the
ground state. Therefore, by analysing the ratio of I(λ ) values for two transitions of the
same ion, ne values can be obtained that are mostly independent of temperature. Of the line
flux ratios available from the Spitzer spectra, those of the [S III] 18.7 / 33.5 µm transitions
are favoured as both of these lines are easy to measure in high resolution spectra and are
frequently seen together. While other line ratios were available in some PNe (e.g. [Ne III],
[Ne V]), they were either detected in fewer of the PNe in the sample, or were detected at
noisy wavelength regions. For instance, the [Ne III] line at 36.0 µm is found at the upper
wavelength region of the LH module, which is highly susceptible to noise above ∼ 35 µm.
The 14.3 and 24.3 µm lines of [Ne V] were only observed in 12 of the 23 PNe in the sample,
though the associated density values agree well with those of [S III]. Uncertainties averaged
∼ 20% for values of ne > 1000 cm−3, though this becomes larger for the few sources where
ne < 1000 cm−3. In the four cases where the two [S III] lines were not directly measurable and
any other line ratios were either not observed or affected by noise, literature values were used
to apply the [S II] 6716 Å / 6731 Å line intensity ratio. The mean value derived from the [S III]
line ratios in this sample of ne = 3700 cm−3 was applied for K3-69 and Y-C 2-5, as these
lines were not observed in these PNe and there were no ne values given in literature. In these
cases, while the uncertainty in density is high, the abundances are affected little, with neon
and argon showing little change at the density extremes and sulphur being affected by 20% at
most. All density values are shown in Table 3.5, with the uncertainties reflecting those of the
[S III] 18.7 / 33.5 µm ratios. It is noted that for K3-90, Henry et al. (2010) apply the high
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Table 3.5 Electron density values of PNe (cm−3).
PN ne (This work) ne (Lit.) Sources
J320 3350 ± 600 4800 1,2,3,4
K3-65 1150 ± 200 ... ...
K3-66 3150 ± 500 7700 1,5
K3-67 3900 ± 550 4400 5,6,7,8
K3-68 600 ± 300 500 6
K3-69 3700 ± 3000‡ ... ...
K3-70 2000 ± 650 2250 2,5,9
K3-71 10000 ± 2000† 10000 8
K3-90 400 ± 300 20000* 5
K4-48 8100 ± 2250 2600 5,10
M1-1 1300 ± 450 4100 1,11
M1-6 11450 ± 4700 8500 2,5
M1-7 1900 ± 200 1050 2,5
M1-8 350 ± 150 440 2
M1-9 5050 ± 900 4600 2,5,10
M1-14 5450 ± 450 5400 2,5,12
M1-16 2800 ± 550 2300 2,5,10,13
M1-17 6450 ± 300 5000 2,9,14,15
M2-2 1550 ± 300 1600 5
M3-2 230† 230 2
M4-18 8000 ± 3000† 8000 16,17
SaSt2-3 600 ± 450 2400 9
Y-C 2-5 3700 ± 3000‡ ... 2,5,10
Notes: (1) Aller and Czyzak (1983); (2) Costa et al. (2004); (3) Koeppen et al. (1991);
(4) Milingo et al. (2002); (5) Henry et al. (2010); (6) Aller and Keyes (1987); (7) Kingsburgh
and Barlow (1994); (8) Tamura and Shaw (1987); (9) Aksaker et al. (2015); (10) Cuisinier
et al. (1996); (11) Aller et al. (1986); (12) Costa et al. (1996); (13) Perinotto and Corradi
(1998); (14) de Freitas Pacheco et al. (1991); (15) Peimbert et al. (1995); (16) De Marco and
Crowther (1999); (17) Goodrich and Dahari (1985). [S III] densities used when applicable.
Literature values are averaged when there are multiple sources. No uncertainty was given for
the literature value of M3-2. * High density limit. † Value from literature. ‡ Mean ne value
from those derived from [S III] in this sample, with the standard deviation of all other data
points as the associated uncertainty.
density limit to estimate ne despite having intensity values for the [S II] 6716 Å and 6731 Å
lines. This is due to the two values having high uncertainties. A density of ne = 800 cm−3
would have been calculated with these values, which is almost within the uncertainty margins
of the calculated IR [S III] line ratio.
Measurements of Te require electronic transitions with large differences in energy. For
this study, temperatures calculated from optical line flux values based on the transition ratios
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Table 3.6 Electron temperature values of PNe as averages of literature values.
PN Ionic Lines Te / K
J320 [N II], [O III] 11900 ± 2300
K3-65 ... 11900 ± 2600
K3-66 [N II], [O II], [O III], [S II], [S III] 10800 ± 2500
K3-67 [N II], [O II], [O III], [S III] 14400 ± 3200
K3-68 [N II], [O III] 19600 ± 2000
K3-69 ... 11900 ± 2600
K3-70 [N II], [O II], [O III], [S III] 13700 ± 4500
K3-71 [O III] 12600 ± 2000
K3-90 [O II], [O III] 12000 ± 2500
K4-48 [N II], [O II], [O III], [S II], [S III] 12700 ± 2300
M1-1 [O III] 14900 ± 1500
M1-6 [N II], [O III], [S III] 9800 ± 1900
M1-7 [N II], [O II], [O III], [S II], [S III] 10600 ± 4200
M1-8 [N II], [O III] 12900 ± 1900
M1-9 [N II], [O II], [O III], [S III] 10800 ± 1800
M1-14 [N II], [O II], [O III], [S III] 10000 ± 3700
M1-16 [N II], [O II], [O III], [S III] 11700 ± 3000
M1-17 [N II], [O III] 10700 ± 2600
M2-2 [N II], [O III], [S III] 12500 ± 1500
M3-2 [N II] 10200 ± 1000
M4-18 [N II], [O II], [S II] 6100 ± 3000
SaSt2-3 [N II] 9800 ± 1400
Y-C 2-5 [N II], [O II], [O III] 13000 ± 2400
Notes: K3-65 and K3-69 adopt the average temperature of the other sources due to lack of
literature values; their associated uncertainties are given to be the standard deviation of all
other values. Sources are the same as those given in Table 3.5.
Table 3.7 Atomic data for ions shown in Table 3.3.
Ion Transition Probability Collision Strength
Ne+ Griffin et al. (2001) Griffin et al. (2001)
Ne2+ Galavis et al. (1997) Butler and Zeippen (1994)
Ne4+ Galavis et al. (1997) Griffin and Badnell (2000)
Ne5+ Mendoza (1983) Mitnik et al. (2001)
S2+ Mendoza and Zeippen (1982) Galavis et al. (1995)
S3+ Johnson et al. (1986) Saraph and Storey (1999)
Ar+ Mendoza (1983) Pelan and Berrington (1995)
Ar2+ Mendoza and Zeippen (1983) Galavis et al. (1995)
Ar4+ Mendoza and Zeippen (1982) Galavis et al. (1995)
O3+ Galavis et al. (1998) Zhang et al. (1994)
3.3 Analysis 69
of the [N II], [O II], [O III], [S II] and [S III] lines calculated from the literature are applied.
As no Te values could be found in the literature for K3-65 and K3-69, for these two PNe the
average value of Te = 11900 K was adopted. All of these values can be found in Table 3.6.
3.3.6 Elemental abundances
One of the main advantages of analysing spectra at infrared wavelengths is that the main
ionisation lines of neon, sulphur and argon can be observed. From these lines, the ionic
abundances of Ne+, Ne2+, Ne4+, S2+, S3+, Ar+, Ar2+ and Ar4+ have been measured. These
data are complemented with the ionic abundances of S+ and Ar3+ measured by Henry
et al. (2010) from optical spectra, hence fewer corrections are required in determining their
elemental abundances. Ne3+ is accounted for in sources with observable Ne4+ emission,
and S4+ is considered in sources with O3+, which has a greater IP (47.22 eV and 54.94 eV,
respectively).
These missing ionic abundances are corrected for with ICFs. ICFs can either be determined
empirically (e.g. Pottasch and Surendiranath 2005; Surendiranath et al. 2004), by considering
lines with similar IP values (e.g. Peimbert and Costero 1969), or from photoionisation models
(e.g. Delgado-Inglada et al. 2014; Kingsburgh and Barlow 1994; Kwitter and Henry 2001;
Natta et al. 1980). In many cases, argon and particularly sulphur are highlighted as being
complicated to correct for, as the low IPs of higher ionisation states may lead to their greater
contributions towards the overall elemental abundances. Many variants of the ICFs for these
elements have been given in literature (e.g. Kingsburgh and Barlow 1994; Kwitter and Henry
2001; Thuan et al. 1995) with significant disagreement between some of them (Vermeij and
van der Hulst, 2002).
To account for the abundances of missing ionisation states, the calculated IR values are
complemented with optical abundances derived by Henry et al. (2010) where possible. To
correct for S+ and Ar3+ when these values are not available, the percentage contributions
of these ions are calculated towards their respective elemental abundances for the PNe in
the sample with these ionic abundances, and the mean values are applied as ICFs. In each
70 Ne, S and Ar abundances of PNe in the sub-solar metallicity Galactic anti-centre
Table 3.8 Percentage contributions of ions that have required the use of empirically calculated
ICFs towards their respective elemental abundances.
Ion Range Mean Source
[Ne IV] 2–33% 17.5% Bernard-Salas et al. (2008)
[S II] 1–20% 10% This work
[S V] 7–23% 15% Bernard-Salas et al. (2008)
[Ar II] 1–32% 13% This work
[Ar IV] 3–46% 26% This work
case, the minimum and maximum values are taken as the uncertainty limits. This method is
also applied to account for Ar+ in three sources for which the 7.0 µm line intensity cannot
be measured. For Ne3+ and S4+, the range of contributions of these ions to their respective
elemental abundances as given by Bernard-Salas et al. (2008) are considered; they calculated
these values from the analysis of the PN sample of Pottasch and Bernard-Salas (2006) and also
from the Galactic PN models of Surendiranath et al. (2004) and Pottasch and Surendiranath
(2005). Each of these ranges are shown in Table 3.8. Note that ICFs correcting for these
missing ionic states are only applied for PNe in which other ions with greater or similar IP
values are observed.
Tables 3.9, 3.10 and 3.11 give the ionic and elemental abundance values for Ne, S and
Ar respectively, with the empirical ICFs applied. As ICFs can be uncertain, the resulting
abundances calculated with these empirical ICFs are also compared with abundances for which
well-established ICFs from the literature have been applied, such as those of Kingsburgh and
Barlow (1994), Kwitter and Henry (2001) and Delgado-Inglada et al. (2014). In all cases,
the ionic abundances calculated in this work are applied. For the equations given in this
section, the notation A(X) = ICF(Xm+ + Xn+) × (Xm+ + Xn+)/H is applied, where A(X) is
the elemental abundance of X. Table 3.12 shows the supplementary data used in the following
calculations from optical abundance studies. Some ICF equations from other studies use ionic
ratios that are particularly sensitive to the electron density and temperature, such as those
involving O+ and O2+, hence there may be additional uncertainties in some of the resulting
abundance values.
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Neon
At mid-IR wavelengths, lines of Ne+, Ne2+, Ne4+ and Ne5+ can be measured, though Ne3+
is best observed in the optical and near-UV regions, respectively at ∼ 4720 Å and ∼ 2424 Å.
Unfortunately, no literature values exist for the abundance of Ne3+ in any of the PNe in the
anti-centre sample.
The photoionisation model of Kingsburgh and Barlow (1994), also used by Kwitter and
Henry (2001), used the following ICFs:
ICF(Ne2++Ne4+) = 1.5 (3.4)
ICF(Ne2+) =
O
O2+
(3.5)
However, the abundances of sources with weak radiation fields are underestimated due to the
disregard of the Ne+ ionic contribution to the total neon abundance (e.g. Tsamis et al. 2013).
This problem is also observed in the ionic abundances of several sources in the anti-centre PN
sample, in which Ne+ sometimes contributes more to the overall elemental abundance than
Ne2+. These include K3-66, M1-6 and M1-14 (see Table 3.9).
Recently, Delgado-Inglada et al. (2014) produced a newer set of ICF models to account
for parameters such as effective temperatures and stellar luminosities. For Ne/H corrections,
they apply:
ICF(Ne2++Ne4+) = (1.31+12.68ν2.57)0.27 (3.6)
where ν = He2+/(He+ + He2+). However, the requirement for Ne4+ limits the usability of
this correction. They also state that the ICFs will overestimate the neon abundances unless
0.4 ≲ ν ≲ 0.6. The He+ and He2+ abundances given for 12 of the 23 PNe in the anti-centre
sample from Henry et al. (2010) give ν values outside this range, 10 of these sources having
values of ν < 0.2 and 5 of these with ν < 0.005. PNe with very low ν values have small
He2+ ionic abundances, which typically indicates low-ionisation sources with little or no
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Table 3.13 Comparison of the neon abundances and ICFs used in this study with those in
which ICFs from other sources have been applied – see equations (3.4), (3.5) and (3.6).
This work KB94 DI14
Ne/H Ne/H Ne/H
PN ×10−5 ICF(Ne) ×10−5 ICF(Ne) ×10−5 ICF(Ne)
J320 6.3 ± 1.8∗† 1.00 6.6 ± 3.3† 1.07 ... ...
K3-66 4.3 ± 1.6∗† 1.00 3.4 ± 1.8† 1.61 ... ...
K3-67 3.7 ± 1.1∗† 1.00 3.6 ± 1.7† 1.05 ... ...
K3-68 2.8 ± 1.6∗†‡ 1.21 3.5 ± 0.7†‡ 1.50 ... ...
K3-69 8.9 ± 3.3∗†‡ 1.21 10.3 ± 3.3†‡ 1.50 ... ...
K3-70 5.9 ± 2.9∗†‡ 1.21 6.6 ± 3.2†‡ 1.50 4.9 ± 2.4†‡ 1.11
K3-71 4.0 ± 1.8∗†‡ 1.21 5.0 ± 2.2†‡ 1.50 ... ...
K3-90 1.8 ± 0.8∗†‡ 1.21 2.2 ± 0.9†‡ 1.50 2.9 ± 1.2†‡ 1.98
K4-48 9.6 ± 3.0∗†‡ 1.21 11.0 ± 3.1†‡ 1.50 8.0 ± 2.6†‡ 1.09
M1-1 1.4 ± 0.5∗†‡# 1.21 1.7 ± 0.6†‡ 1.50 ... ...
M1-6 5.8 ± 2.3∗† 1.00 0.46 ± 0.26† 3.54 ... ...
M1-7 10.2 ± 6.0∗†‡ 1.21 11.0 ± 5.0†‡ 1.50 8.0 ± 1.9†‡ 1.09
M1-8 12.8 ± 5.1∗†‡ 1.21 13.4 ± 3.2†‡ 1.50 ... ...
M1-9 3.7 ± 1.8∗† 1.00 3.1 ± 1.3† 1.32 ... ...
M1-14 5.5 ± 2.2∗† 1.00 1.8 ± 0.9† 1.44 ... ...
M1-16 11.8 ± 5.8∗†‡# 1.21 13.1 ± 6.9†‡ 1.50 9.7 ± 3.0†‡ 1.11
M1-17 6.6 ± 1.7∗†‡ 1.21 7.4 ± 2.3†‡ 1.50 ... ...
M2-2 4.3 ± 1.0∗† 1.00 4.7 ± 1.9† 1.11 4.6 ± 1.8†‡ 1.08
M3-2 1.6 ± 0.9∗†‡ 1.21 1.3 ± 0.5†‡ 1.50 ... ...
Y-C 2-5 5.9 ± 3.4∗† 1.00 15.2 ± 6.9† 2.58 ... ...
Notes: KB94 = Kingsburgh and Barlow (1994); DI14 = Delgado-Inglada et al. (2014). In all
cases, ICFs are applied to the neon ionic abundances from Table 3.9. Superscript symbols
show the ions considered in the calculations: ∗ = Ne+; † = Ne2+; ‡ = Ne4+; # = Ne5+.
M4-18 and SaSt2-3 are not included on this table as their Ne2+ abundances are upper limits.
K3-65 is not included as its helium and oxygen abundances have not been found in the
literature.
Ne4+ emission. However, this is not true for Y-C 2-5, which has a relatively large ν (0.61)
but no observable Ne4+ emission in its Spitzer IRS spectrum.
Table 3.13 shows a comparison between the neon abundances calculated with both the
empirical ICFs and the well-established ICFs of Kingsburgh and Barlow (1994) and Delgado-
Inglada et al. (2014). There is good agreement in almost all cases between the two sets of
values, though the disregard of Ne+ leads to major underestimates from the Kingsburgh and
Barlow (1994) model for M1-6 and M1-14. For Y-C 2-5, the applied ICF of 2.58 leads to a
much greater abundance than predicted empirically. However, as the mid-IR spectrum of this
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PN shows the strong emission line of Ne2+ but not those of Ne+ or Ne4+, it is possible that
the Ne3+ that is being corrected for may give a significant contribution to the neon abundance.
The fact that large amounts of He2+ are seen compared to He+ in this source shows that the
radiation field in Y-C 2-5 is greater than 54.4 eV (the IP of He2+), and as Ne3+ ionises at
63.5 eV, a large ICF may be required.
Sulphur
As ionisation models are typically applied to optical spectra, it is normal to only see corrections
for S3+ from S+ and S2+ ionic abundance measurements. In these studies, the low IP of S2+
(34.8 eV) has always been taken as an indication that larger ionic states are likely to be present
in PNe, and the similar IP of O+ (35.1 eV) is generally considered in obtaining an ICF for
sulphur. Dinerstein (1980) carried out an IR spectroscopic survey of 12 PNe and found that
the commonly used ICF of O/O+ can overpredict the measured abundances of S3+. However,
the presence of even greater ionisation states must also be considered.
Based on models of H II regions from Stasin´ska (1978), the ICF for sulphur from optical
spectra was calculated by Barker (1980) to be:
ICF(S++S2+) =
[
1−
(
1− O
+
O
)α]−1/α
(3.7)
where α = 3, though subsequent studies argued that α = 2 (French, 1981) or 2 ⩽ α ⩽ 3
(Garnett, 1989) better represented the sulphur abundances. Kingsburgh and Barlow (1994)
also used this equation, with α = 3.
A different method of determining the ICF for sulphur was calculated by Kwitter and
Henry (2001), who considered newer atomic data and incorporated the charge exchange rates
into the ICF values. They used the equation:
ICF(S++S2+) = exp[−0.017+0.18β −0.11β 2+0.072β 3] (3.8)
where β = log(O/O+).
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The models of Delgado-Inglada et al. (2014) calculate ICFs for the S/O ratio, and multiply
by the O/H abundance:
log ICF((S++S2+)/O+) =
−0.02−0.03ω−2.31ω2+2.19ω3
0.69+2.09ω−2.69ω2 (3.9)
log ICF(O++O2+) =
0.08ν+0.006ν2
0.34−0.27ν (3.10)
where ν is as defined in equation (3.6) and ω = O2+/(O+ + O2+). In all cases, ω > 0.5 and
for K3-67, M2-2 and Y-C 2-5, ω > 0.95.
The sulphur abundances calculated using these ICFs are shown in Table 3.14. Again, the
values calculated using empirical ICFs compare well with those from photoionisation models.
ICFs obtained with equation (3.7) are often large when α = 2, and provide much greater
estimates than those of the compared studies. However, the agreement is greatly improved
when α = 3. The uncertainties in the ICF calculated from Kwitter and Henry (2001) are
larger due to their propagation, but the ICFs themselves are smaller, with most of them having
values of ⩽ 1.35. The only exception to this is K3-90, which has a stronger radiation field
than the others (S3+/S2+ = 5.4). Despite these uncertainties, the S/H values calculated from
equation (3.8) show a good agreement with the other values. The abundances calculated using
ICFs from Delgado-Inglada et al. (2014) are similar in that their uncertainties are relatively
high, though in almost all cases they show better agreement with the abundances calculated
using empirically determined ICFs than those from Kwitter and Henry (2001).
Argon
In optical spectra, the Ar2+, Ar3+ and Ar4+ ions can all be observed. The most abundant
of these ions is thought to be Ar2+, though this largely depends on the radiation field of the
source.
Argon abundances calculated by Kingsburgh and Barlow (1994) applied the following
ICFs.
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ICF(Ar2++Ar3++Ar4+) =
1
1− (N+/N) (3.11)
ICF(Ar2+) = 1.87 ± 0.41 (3.12)
Kwitter and Henry (2001) built upon equation (3.11) by considering the ICF when only
the Ar2+ and Ar3+ ionic states could be observed:
ICF(Ar2++Ar3+) =
1
1− (N+/N) ×
He++He2+
He+
(3.13)
Delgado-Inglada et al. (2014) calculated their abundances in terms of Ar/O, before
multiplying by the O/H abundance calculated with the ICF from equation (3.10):
log ICF
( Ar2+
O++O2+
)
=
0.03ω
0.4−0.3ω −0.05 (0.5 < ω < 0.95) (3.14)
Table 3.15 shows a comparison between the Ar/H abundances using ICFs from all studies.
In general, the empirical ICFs agree well with those from each of the three comparative
studies. The uncertainties from Delgado-Inglada et al. (2014) are large, particularly when
ω > 0.95. As the ω values for the PNe in the Galactic anti-centre sample are all large due
to high ionisation fields and relatively large O2+ abundances, Delgado-Inglada et al. (2014)
state that their ICF is not appropriate for this situation as only Ar2+ is required, resulting in
more ionisation states for which corrections are needed.
Overall, the abundances calculated with empirically determined ICFs in all three consid-
ered elements compare well with those using ICFs from the literature. The main advantage
of using the empirical method is that there is no need for large ICFs due to the number of
ionisation states for which there are data. While much larger ICFs are applied in the literature
to account for missing ionisation states that contribute more to the elemental abundances,
the resulting values relate well to those calculated empirically in which some or all of these
missing ionisation states have been observed.
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Table 3.16 Comparison of heliocentric distances from Giammanco et al. (2011) and Frew
et al. (2016).
Rh / kpc Rh / kpc
PN (Giammanco+’11) (Frew+’16)
K3-65 3.7 13.0
K3-68 2.2 7.4
K3-69 >6.0 ...
K3-70 >6.0 15.8
K3-71 2.5 18.2
K3-90 <1.0 7.0
M1-6 2.0 5.2
M2-2 >2.0 5.2
3.3.7 Galactocentric distances
Distances to Galactic PNe are known to be notoriously difficult to measure owing to the
variation of bolometric luminosity and effective temperature values within the sources. The
distances relative to the Galactic centre are considered, and the PNe in this sample are located
towards the anti-centre, which somewhat reduces the errors relative to those of their respective
heliocentric distances (Rh).
Rh is converted to Rg using the following equation:
|−→Rg|= ([Rh cos(b)cos(l)−R⊙]2+R2h cos2(b)sin2(l)+R2h sin2(b))0.5 (3.15)
where R⊙ = 8.0 ± 0.5 kpc.
Table 3.1 shows the distance values used for each PN. In this chapter, values from Frew
et al. (2016) are primarily adopted, which have been measured through statistical means.
Where possible, the use of directly determined distances from Giammanco et al. (2011) is
prioritised. Table 3.16 shows the Rh values of the PNe in the anti-centre sample with distance
values given by Giammanco et al. (2011), alongside those from Frew et al. (2016). While
there are strong disagreements in most cases, the abundances towards the anti-centre remain
lower than elsewhere in the Galactic disk. The choice of data set will not affect the overall
conclusions as each case presents a similar level of dispersion around the overall gradient,
part of which comes from uncertainties in the distance measurements.
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The uncertainties quoted by Frew et al. (2016) are estimated to be∼ 20–30%, which seem
small for statistical values, though larger uncertainties will not affect the outcomes of the
discussion.
3.4 Discussion
3.4.1 Comparison of abundances with literature
In Tables 3.9–3.11, the elemental abundances of neon, sulphur and argon are compared with
those available from literature. Average uncertainties of 17.5% in neon abundances for the
missing Ne3+ ionisation state, 25% in sulphur abundances for S+ and S4+, and 30% in argon
for Ar3+ and occasionally Ar+ have been accounted for. The sample of Henry et al. (2010)
is used as the main comparison, as this is a recent study involving 12 of the 23 PNe in the
anti-centre sample, though the abundances shown within the study of Sterling and Dinerstein
(2008) are also considered. Both of these studies involved the use of optical spectra.
In most cases, there is good agreement between all sets of abundances. Where the
abundance values calculated for this sample are lower than those found in the literature,
this likely comes from over-estimated ICFs from optical studies; for example, the neon
abundance of K3-90 from the literature (Table 3.9) has an ICF of 23.8 (from equation 3.5)
applied to an uncorrected value relatively similar to ours (Henry et al., 2010), resulting in
our elemental abundances disagreeing with theirs by a factor of 8. The neon ICF was high
because the oxygen ICF was comparatively large (22.3), which was calculated from the ratio
of (He+ + He2+)/He+ abundances (Kwitter and Henry, 2001). Kingsburgh and Barlow (1994)
give the same oxygen ICF to the power of 2/3, which would have decreased the ICF from 22.3
to 7.9 and the neon abundance to (4.7 ± 2.6) × 10−5. This is narrowly within the uncertainty
range of our Ne/H value ((1.8 ± 0.8) × 10−5).
Conversely, the neon abundance that has been calculated in this study for M4-18 is a
factor of 20 greater than that given in the literature by De Marco and Crowther (1999). Their
abundance was calculated using the 12.8 µm [Ne II] line flux from Aitken and Roche (1982)
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(3.6 × 10−12 erg cm−2 s−1), which compares well with the value calculated from the Spitzer
data, 3.3 × 10−12 erg cm−2 s−1. However, the value of log I(Hβ ) used by De Marco and
Crowther (1999) is lower than ours (−11.44 and −11.24, respectively), accounting for a
discrepancy of factor 1.6. The I(Hβ ) and C(Hβ ) values for this PN have been applied
from Henry et al. (2010), but we are unable to directly compare our neon abundances for this
source as they are unable to observe the dominant Ne+ ion, and Ne2+ is barely observable, if
at all (they give its ionic abundance with a 90% uncertainty).
M1-1 also shows relatively large discrepancies between our abundances and those given
in literature for neon and argon. By considering its high ionisation field, from which Ne5+
can be observed, it is expected that Ne3+ and Ar3+ will contribute significantly to their
overall abundances. Aller et al. (1986) estimate the abundances of Ne2+, Ne3+ and Ne4+ in
M1-1, obtaining values of a factor ∼ 3 lower than those calculated in this study, with Ne+3
contributing 40% of the total of those three ions (taken from measurements of the 2424 Å
[Ne IV] line). They also estimate Ar3+ to contribute 31% of the total argon abundance. ICFs
of 1.12 and 2.1, for neon and argon respectively, are applied to their overall abundances. Even
so, there are still significant discrepancies between both sets of abundance values.
The abundances of the anti-centre PNe agree well with those from literature. Notably,
they also agree well with the elemental abundances of the ISM, as predicted by Wilms et al.
(2000) and shown in Table 3.17. Not only does this reinforce the idea that these elements
are not produced over the course of stellar evolution, but it also suggests that the chemical
compositions of the PNe have not been affected by changes in galactocentric position, hence
the orbits of most of these sources are likely to be circular (Pottasch and Bernard-Salas, 2006).
Table 3.17 Elemental abundances of neon, sulphur and argon from the ISM, as estimated
by Wilms et al. (2000).
Element Interstellar abundance
Ne 8.7 × 10−5
S 1.2 × 10−5
Ar 2.6 × 10−6
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For the few cases in which there are discrepancies between these abundances and those from
the literature, they are likely to come from the larger ICFs used from other studies.
3.4.2 The abundance gradient
Figure 3.2 shows the abundances of neon, sulphur and argon plotted against Rg for the PNe in
the anti-centre sample (open circles) and for those of Pottasch and Bernard-Salas (2006) from
Fig. 3.2 The abundance gradients of neon, sulphur and argon in the Milky Way. The dashed
lines represent the oxygen abundance gradient from within the Galactic disk with a slope
of −0.085 dex/kpc (Pottasch and Bernard-Salas, 2006), passing through the solar value at
8.0 kpc (Asplund et al., 2005). The solid lines represent the line of best fit in each plot, with
gradients of −0.058 ± 0.021, −0.079 ± 0.012 and −0.062 ± 0.023 dex/kpc respectively.
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the solar neighbourhood (filled diamonds). Both of these samples were analysed and reduced
in a similar way.
The abundances are lower than those of the Galactic bulge and the solar neighbourhood,
and are consistent with a continuation of the metallicity gradient up to Rg ∼ 20 kpc, albeit with
a large dispersion within the data. However, when analysing the neon and argon anti-centre
data separately from the solar neighbourhood data, there is no clear correlation, with Pearson
correlation coefficients (RPCC) of ∼ −0.05 in each case. Hence, these data cannot discern
whether there is a gradient in the anti-centre (Rg > 10 kpc). For sulphur, the anti-centre
data show RPCC = −0.45 with a corresponding p-value of 0.032, showing that there is a
slight negative correlation in the anti-centre that is statistically significant. Together with
the solar neighbourhood data, RPCC = −0.64, −0.82 and −0.66 for neon, sulphur and argon
respectively.
Table 3.18 compares the radial metallicity gradients from a selection of studies over
multiple wavebands, including PNe, H II regions, young B-type stars and Cepheid variables.
This analysis includes studies of neon, sulphur and argon gradients. Oxygen is also considered;
even though its abundance changes over the course of stellar evolution in PNe, Pottasch and
Bernard-Salas (2006) suggested that the oxygen gradient of sources that had not undergone
hot bottom burning was identical to those of the other three elements from their PN sample.
The metallicity gradient slopes from this work compare well with those from most other
studies, though ours have greater uncertainties which arise from the dispersion at greater
Rg, primarily due to the uncertainties in the distance measurements. Despite this, the slopes
calculated from the PN studies of Maciel and Quireza (1999), Pottasch and Bernard-Salas
(2006) and this study are typically steeper than those of other source types. Our metallicity
gradients are consistent with a continuation at high Rg, though the slopes suggest an eventual
flattening or steepening with distance is possible, particularly for neon and argon. While some
of the studies that are considered rule out flattening as a possibility, the studies of Andrievsky
et al. (2002a,b,c) and Luck et al. (2003), analysing Cepheid variables, find discontinuities in
the abundance gradient with Rg. They show that the gradient is seen to be steeper in regions
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closer to the Galactic centre (Rg ∼ 4–6 kpc) and towards the anti-centre (Rg ∼ 10–15 kpc)
for 25 different elements, including oxygen and sulphur. Several studies that analyse sources
beyond ∼ 15 kpc (e.g. Fernández-Martín et al. 2017; Lemasle et al. 2013; Rolleston et al.
2000; this work) show steeper gradients than those found in most other studies. While this
appears to agree with the findings of Andrievsky et al. (2002a,b,c), there are relatively few
sources at these distances in each named study, hence the effect of the large distance sources
on the respective gradients is likely to be minimal. By factoring in the large uncertainties in
distance measurements for most sources in these samples, the abundance gradients do not
steepen with Rg in the direction of the anti-centre.
Analysis of the time evolution of the Galactic abundance gradient from this PN sample
is also difficult, due to the large uncertainties in abundances and Galactocentric distances.
The data in this study are consistent with a continuation of the gradient at large distances,
so there is no suggestion that the inner and outer disks of the Milky Way evolved separately
(e.g. Kubryk et al. 2015; Stanghellini and Haywood 2010).
3.4.3 α-process elements
In the evolution of low- to intermediate-mass stars, the abundances of elements heavier than
carbon are generally not affected, except for those formed during the slow neutron-capture
process (known as the s-process) which can occur during the AGB phase (e.g. Lugaro et al.
2012). As a result, the abundances of neon, sulphur and argon should trace each other.
Figure 3.3 shows that there is good agreement between these abundances, hence proving that
they do trace each other well, though it is clear that the plot of sulphur against argon shows
a greater dispersion. This could be explained by the need to account for two ions for argon
(Ar+ and Ar3+), for which Ar3+ can be the dominant ion.
Included on these plots are the abundances of Ne, S and Ar from the Magellanic Clouds.
The mean abundance values for neon and sulphur were taken from an IR Spitzer sample of
PNe from Bernard-Salas et al. (2008), and those for argon were taken from an optical PN
sample from Leisy and Dennefeld (2006). The anti-centre sample shows abundances scattered
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Fig. 3.3 Plots comparing the neon, sulphur and argon abundances. The Galactic Disk sample
was analysed by Pottasch and Bernard-Salas (2006). The average abundances for the LMC
and SMC are also shown, with those of neon and sulphur obtained from Bernard-Salas et al.
(2008) and argon from Leisy and Dennefeld (2006).
around the LMC metallicity for each of the three elements, with few reaching values below
those of the SMC.
The sulphur anomaly
The ‘sulphur anomaly’ is the term coined by Henry et al. (2004), used to describe the observed
sulphur abundances in PNe being lower than those of H II regions at the same metallicity (see
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also e.g. Henry et al. 2012). It was originally suggested that this could be explained by the
lack of measured emission lines of ionisation states of S3+ and above in optical spectra and
the need to account for them, particularly as S3+ can be a key stage of ionisation for sulphur.
The sulphur anomaly has been seen in multiple galaxies; García-Rojas et al. (2016) observe
this anomaly from four H II regions with abundances greater than most of the thirteen PNe in
their sample from NGC 6822. Shaw et al. (2012) find the anomaly in the Magellanic Clouds
from a combination of IR, optical and UV data, and Shingles and Karakas (2013) find the
anomaly in the Milky Way from the PN sample of Pottasch and Bernard-Salas (2010), also
from spectra in the same wavebands, compared to the ISM trend of H II regions and blue
compact galaxies from the optical sample of Milingo et al. (2010).
In Figure 3.4, the sulphur abundances of PNe in the Galactic anti-centre and solar neigh-
bourhood (Pottasch and Bernard-Salas, 2006) are compared with the sulphur abundances in
two samples of Galactic H II regions, one derived from IR data (Martín-Hernández et al.,
2002) and the other from optical data (Fernández-Martín et al., 2017). Both of these samples
cover a similar range of Galactocentric distance values to the anti-centre PNe.
The IR H II region data from Martín-Hernández et al. (2002) agree well with the PN
abundances, inferring that the sulphur anomaly is not observed from these data. However,
their H II region abundances disagree with the interstellar and solar values of sulphur by a
factor of ∼ 2–4. Based on this, they argue that their abundances are underestimated by up to a
factor 4, from which they ascribe to uncertainties in ne and Te, with the lack of S+ abundance
values from their IR data from ISO accounting for a further ∼ 15% discrepancy. It is noted
that since the release of the paper of Martín-Hernández et al. (2002), the most widely used
solar sulphur abundance value from the literature shows a decrease of ∼ 20% from the value
they used (Asplund et al., 2009; Snow and Witt, 1996), though both the abundances of the
anti-centre PNe and the H II regions remain low in comparison.
On comparing the infrared PN abundances with the optical H II region abundance data
of Fernández-Martín et al. (2017), with Galactocentric distances of 11–17 kpc, there is a clear
discrepancy between the two sets of data. The PN abundances are lower than those of the
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Fig. 3.4 The sulphur abundances of the PNe in the Galactic anti-centre sample, alongside
those of H II regions from Fernández-Martín et al. (2017) (FM+’17) and Martín-Hernández
et al. (2002) (MH+’02), and solar neighbourhood PNe from Pottasch and Bernard-Salas
(2006). The solid line is the line of best fit for PN abundances. The dashed line represents
that for the H II regions of the FM+’17 sample.
H II regions by a factor ∼ 2, as shown by the two lines of best fit in Fig. 3.4. In this case, the
sulphur anomaly is clearly observed.
3.5 Summary
An infrared spectroscopic study of 23 PNe towards the Galactic anti-centre with Rg values of
8–21 kpc has been presented, in which Spitzer IRS has been used to determine the abundances
of neon, sulphur and argon in a region that is a priori assumed to be metal-poor.
The abundances have been calculated in two ways: using empirically calculated ICFs
from a combination of IR and optical data, and using more well-established ICFs from the
literature. The two methods produce similar results; the empirical ICFs consider a wider
range of ionic states and are therefore small in value. The abundances of neon, sulphur and
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argon are lower in the anti-centre than those in the Solar neighbourhood. The metallicity
gradients of these elements seem to continue beyond Rg = 10 kpc despite a large spread of
data values. The abundances of the α-process elements trace each other well, though there is
a slightly larger dispersion between those of sulphur and argon.
Spitzer IRS has enabled the study of abundances from observations of PNe in the bulge,
disk and halo of the Milky Way, as well as in nearby galaxies (primarily the Magellanic
Clouds) at infrared wavelengths. With its greater sensitivity, the James Webb Space Telescope
(JWST) will be able to continue obtaining spectra for PNe as far as the Local Group of
galaxies, enabling us to carry out abundance studies over a wider range of parameter space.
In addition, JWST will be able to spatially resolve PNe in the Milky Way, allowing us to
investigate how the gas and dust content varies within these nebulae.
This chapter has further confirmed that the abundances within a sample of PNe in the
Galactic anti-centre are lower than elsewhere in the Galactic disk, exhibiting a metallicity
range incorporating those of the LMC and SMC. The next chapter will explore how the dust
composition of this sample of PNe compares to sources closer to the Galactic centre and in
the Magellanic Clouds.
Chapter 4
Dust composition of PNe in the Galactic
anti-centre
(This chapter is based on a paper in preparation, to be submitted to Astronomy & Astrophysics
by G. J. S. Pagomenos and J. Bernard-Salas (Open University, UK), E. Peeters (University
of Western Ontario, Canada and SETI Institute, USA) and G. C. Sloan (Cornell University,
University of North Carolina and Space Telescope Science Institute, USA). A preliminary
version of the work in this chapter has also been published in a conference proceedings
as Pagomenos et al. 2017.)
4.1 Introduction
Dust plays important roles in the interstellar medium (ISM), such as the reprocessing of
stellar UV light to infrared and sub-millimetre wavelengths, and the catalysis of molecular
formation. Much of the dust in the local ISM is formed during the evolutionary phase of
low- to intermediate-mass stars (∼ 0.8–8 M⊙) known as the asymptotic giant branch (AGB).
The most commonly observed types of emission features associated with dust are those of
polycyclic aromatic hydrocarbons (PAHs), which are widely spread throughout the Universe,
having been detected spectroscopically up to redshifts of z ∼ 2.8 (Lutz et al., 2008). Together
with over 60 molecular species (e.g. Olofsson 2005; Kwok 2011), these dust grains originate
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from within the circumstellar envelope of the AGB star, from which they are ejected primarily
by stellar winds, enriching the ISM.
The composition of dust from AGB stars is characterised as either carbon-rich or oxygen-
rich, depending on the efficiency of the third dredge-up mixing process and the resulting
C/O ratio of the star. Carbon and oxygen in the convective envelope will preferentially form
CO. An excess of carbon (i.e. C/O > 1) will lead to the production of C-rich dust, which
includes PAHs, fullerenes and silicon carbide. Conversely, an excess of oxygen (i.e. C/O < 1)
leads to O-rich dust, consisting of amorphous and crystalline silicates. Some sources also
show dual-dust chemistry, in which both C-rich and O-rich dust emission are observed from
their spectra; the reasons for this dual-dust chemistry are still in debate (see Chapter 1). The
abundance of oxygen in the ISM is greater than that of carbon, so all stars will be born O-rich.
In low- to intermediate-mass stars, the third dredge-up brings carbon from the stellar interior
to the outer envelope, and the overall dust composition of the star will become C-rich if the
amount of carbon in the envelope is greater than that of oxygen. In metal-poor regions, the
amount of oxygen in the ISM will be low, hence the amount of dredged-up carbon required for
the star to become C-rich is reduced. Therefore, regions of lower metallicity will theoretically
favour the production of C-rich dust.
In the Milky Way, PNe located towards the metal-rich Galactic bulge (0 < Rg < 4 kpc)
show significantly more dual-dust chemistry than elsewhere in our Galaxy (Gutenkunst
et al., 2008; Perea-Calderón et al., 2009; Pottasch and Bernard-Salas, 2015). In the solar
neighbourhood (4 < Rg < 10 kpc) and towards the Galactic anti-centre (Rg > 8 kpc), the
distribution of the dust emission from PNe with Galactocentric distance is not well defined,
though both C-rich and O-rich sources have been observed in these regions (e.g. Ishihara et al.
2011, Delgado-Inglada and Rodríguez 2014; García-Hernández and Górny 2014).
Studies of post-AGB stars and PNe in the Large and Small Magellanic Cloud galaxies
(LMC/SMC) within the Local Group have shown that C-rich dust is more commonly observed
than O-rich dust in these regions (e.g. Bernard-Salas et al. 2009; Matsuura et al. 2014;
Sloan et al. 2014). These galaxies have average metallicity values of around 1/3 Z⊙ and
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1/6 Z⊙, respectively (Bernard-Salas et al., 2008). There is also a greater inventory of C-rich
dust emission features that have been observed in the Magellanic Clouds than in the solar
neighbourhood. For instance, features attributed to silicon carbide (SiC) and fullerenes
are not commonly observed around evolved stars in the disk of the Milky Way, yet they
have been more readily detected in samples of PNe from the LMC and SMC (e.g. Bernard-
Salas et al. 2009; Sloan et al. 2014). Hence, these studies further suggest a relationship
between the formation of C-rich dust and low metallicity regions. This also ties in with
a study by Stanghellini et al. (2012), who suggested that the number of O-rich and dual-
dust chemistry sources decreases, while that of C-rich sources increases, with increasing
Galactocentric distance.
The results from the previous chapter have shown that the Galactic anti-centre covers
a range of sub-solar metallicity values, encompassing the average metallicities from both
the LMC and SMC. In this chapter, we analyse the dust composition of the same sample of
PNe and compare it with the dust emission from samples of PNe from the Galactic disk and
the Magellanic Clouds that have been analysed in a similar way. In § 4.2, the full Spitzer
spectra of the 23 PNe are shown, and an inventory is given of the dust features present. The
main PAH emission profiles are examined in § 4.3, and these are further analysed through
Gaussian decomposition methods in § 4.4. In § 4.5–4.8, the silicon carbide, fullerene, 30 µm
and silicate features in the sample are respectively analysed. In § 4.9, the PNe with no clear
dust emission features in the sample are investigated. In § 4.10, the relationship between the
dust composition and the metallicity of the Galactic anti-centre is explored. The conclusions
are given in § 4.11.
4.2 Sample overview
This chapter investigates the dust composition of a sample of 23 PNe from the Galactic
anti-centre, as observed by Spitzer IRS. The full list of the sources is given in Chapter 3 and
a description of the data reduction and extraction methods can be found in Chapter 2. The
spectra for each of these sources are shown in Appendix A.
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Table 4.1 An overview of the carbon-rich dust features observed in the sample.
Source PAH SiC 30µm C60 Silicates
J320 ... ... ... ... ...
K3-65 Y ... ... ... ...
K3-66 Y Y ... ... ...
K3-67 Y? ... ... ... ...
K3-68 Y ... ... ... ...
K3-69 Y ... ... ... ...
K3-70 Y? ... ... ... ...
K3-71 Y ... ... ... ...
K3-90 ... ... ... ... ...
K4-48 Y ... ... ... ...
M1-1 ... ... ... ... ...
M1-6 Y Y Y Y ...
M1-7 Y ... ... ... ...
M1-8 Y ... ... ... ...
M1-9 Y Y Y Y ...
M1-14 ... Y Y ... ...
M1-16 Y ... ... ... ...
M1-17 Y ... ... ... ...
M2-2 ... ... Y? ... ...
M3-2 ... ... ... ... ...
M4-18 Y ... Y Y Y?
SaSt2-3 11.2 Y Y Y ...
Y-C 2-5 ... ... ... ... ...
Table 4.1 shows the catalogue of the main dust features observed in the entire sample. Of
the 23 PNe in this sample, 15 show C-rich dust features, including PAHs, fullerenes, SiC
and the so-called ‘30 µm feature’. A further three sources show tentative C-rich emission
(PAHs in K3-67 and K3-70, and the 30 µm feature in M2-2), in which the uncertainty in
their detections comes from continuum noise and profiles that are difficult to characterise.
Only one PN, M4-18, potentially shows amorphous silicates as well as C-rich dust emission,
hence we consider it as a dual-dust chemistry source. For the remainder of this chapter, these
tentative identifications are considered as certain detections.
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4.3 Polycyclic aromatic hydrocarbons (PAHs)
PAHs are the most commonly detected C-rich dust emission features in both circumstellar
and interstellar environments, with the main features observed at 3.3, 6.2, 7.7, 8.6, 11.2
and 12.7 µm (e.g. Allamandola et al. 1999; Moutou et al. 2000; Peeters et al. 2002), each
representing either C–C or C–H bond vibrations within the molecule (see Chapter 1). Other
PAH emission features representing C–C–C bond vibrations within the carbon skeleton may
be seen at wavelengths > 15 µm, though they are comparatively weak in PNe (e.g. Shannon
et al. 2015). These higher wavelength features are not observed in the Galactic anti-centre
sample.
In this section, the profiles of the PAH features are investigated, and the changes in
particular PAH intensity ratios with radiation field are examined. The continua were modelled
by two different splines, as per the study of Peeters et al. (2017). These are shown in Figure 4.1.
The first is a local spline, with continuum points placed at approximately 5.5, 5.9, 6.6, 7.1, 8.3,
8.8, 9.1, 9.6, 9.9, 10.2, 10.7, 11.7, 12.1 and 13.3 µm, from which the PAH flux measurements
in Table 4.2 have been obtained. The second is a global spline with no continuum points
within the 7–9 µm and 11–13 µm regions, which is considered in § 4.4. In both cases, no
points were placed within a wavelength region that was being measured.
4.3.1 Profiles
The profiles of PAH emission features vary between different sources, and may hence be
related to the physical conditions of the environments in which they are observed. As
discussed in Chapter 1, Peeters et al. (2002) categorised PAH emission by their peak positions,
where Classes A, B and C represent peaks at increasing wavelengths. On average, from Class
A through to Class C, the relative strengths of the 6.2 µm PAH features decreases and the full-
width at half-maximum (FWHM) of the 7.7 µm features increases. Indeed, Class C emission
of the 7.7 µm PAH feature blends in with the accompanying 8.6 µm feature. PAH emission
of Class C is rare, and has been observed around post-AGB stars and proto-planetary nebulae
(e.g. Peeters et al. 2002; Sloan et al. 2007) but not around PNe. In their study of post-AGB
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Fig. 4.1 The two methods of continuum fitting for K4-48: local splines (LS, blue) and global
splines (GS, orange). The 7–9 µm (top) and 11–13 µm (bottom) regions are highlighted as
the two spline fits differ within these wavelength ranges. The continua fitted as splines on the
left-hand spectra are subtracted to produce the right-hand spectra.
stars in the Magellanic Clouds, Matsuura et al. (2014) have since provided classifications for
PAHs in the 10–14 µm wavelength region, and have introduced a new Class D in the 6–9 µm
region, which considers PAH profiles that cannot accurately be categorised as either Class A,
B or C.
Figure 4.2 shows the continuum-subtracted spectra of the PAH-emitting PNe in our sample,
which show emission of Classes A and B for all PAHs in the wavelength range 6–9 µm. The
7.7 µm features of M1-7 and M1-8 have been omitted from this analysis as they show several
emission lines that are stronger than this PAH feature, particularly the H2 0–0 S(4) line at
8.0 µm, the [Na III] line at 7.3 µm and the H I 6–5 line at 7.5 µm, making the classification of
these profiles uncertain. The 7.7 µm profiles of M1-6, M1-9 and K3-66 showed particularly
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Table 4.2 Intensity values of the main PAH emission features (with atomic line emission
subtracted) in units of 10−17 W m−2.
PN
6.2µm 7.7µm 8.6µm 11.2µm
I(λ ) EW I(λ ) EW I(λ ) EW I(λ ) EW
K3-65 21.1 0.632 46.4 0.819 3.05 0.055 18.6 0.524
K3-66 38.1 0.255 69.0 0.405 11.6 0.058 27.3 0.059
K3-67 5.94 0.064* 17.4 0.650 ... ... 7.07 0.025
K3-68 47.9 0.798 92.6 0.652 5.01 0.029 40.7 0.872
K3-69 142 0.290 253 0.303 19.5 0.025 179 0.305
K3-70 4.22 0.598* 7.29 1.249* 0.63 0.085 ... ...
K3-71 11.8 1.998** 18.2 1.445* 2.22 0.112 3.77 0.452
K4-48 70.7 0.549 90.8 0.412 11.8 0.051 83.6 0.315
M1-6 323 0.034 295 0.125 102 0.034 ... ...
M1-7 21.4 0.874* 32.5 1.599 0.92** 0.020** 8.55 0.253
M1-8 6.80 0.545 17.6 1.254* 3.21 0.089 9.01 0.350
M1-9 12.9 0.072 23.9 0.303 62.8 ... ... ...
M1-16 145 0.345 279 0.529 17.1 0.032 189 0.483
M1-17 192 0.581 249 0.590 35.6 0.072 281 0.577
M4-18 1490 0.502 2870 0.438 474 0.071 1610 0.230
SaSt2-3 ... ... ... ... ... ... 0.90 0.027
Notes: EW values are measured in microns. All uncertainties are assumed to be 10% for the
6.2, 7.7 and 11.2 µm PAH features and 15–20% for the 8.6 µm PAH feature unless otherwise
specified. *: Uncertainties ∼ 20%; **: Uncertainties ∼ 50%.
strong H I emission that has been removed from Figure 4.2, hence there is an irregularity
between ∼ 7.3–7.5 µm for these PNe. The profiles in K3-67 and K3-70 are not typical of
PAHs, and are therefore hard to classify in all cases. It is assumed that these are sources
of PAH emission. The 7.7 µm features in these two sources are also weak, as they are
overshadowed by the H2 0–0 S(4) line at 8.0 µm.
The 6–9 µm PAH classes are also shown in Table 4.3. From these data, there is a relatively
even mix of both Classes A and B from the 6.2 and 7.7 µm components, whereas the 8.6 µm
profiles are primarily of Class B. Although the wavelength ranges covered by the 7.7 µm
features in M1-6 and M1-9 are slightly narrower (∼ 7.2–8.0 µm, c.f. typical profiles in the
range 7.2–8.2 µm), these two PNe are the only sources in the Galactic anti-centre sample
to show all PAH emission in the range 6–9 µm as well as SiC, C60 and the 30 µm feature.
Hence, it could be speculated that there may be a link between the extent of the 7.7 µm PAH
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Fig. 4.2 Continuum-subtracted, normalised 6.2, 7.7 and 8.6 µm PAH profiles. The A, B and C
regions indicate the wavelength ranges of peak positions in accordance with the classification
system from Peeters et al. (2002). Strong atomic line emission that was observed at PAH
emitting wavelengths, such as the H2 0–0 S(6) line at 6.1 µm, H I 6–5 at 7.5 µm, and [Ar III]
at 9.0 µm.
Table 4.3 PAH classes of Peeters et al. (2002) for the PNe in the Galactic anti-centre sample.
PN 6.2 µm Class 7.7 µm Class 8.6 µm Class
K3-65 A/B A A
K3-66 A A B
K3-67‡ B? * ...
K3-68 B B B
K3-69 A/B B B
K3-70‡ A/B? B? B?
K3-71 B B B
K4-48 A A/B A/B
M1-6 A/B A †
M1-9 B A †
M1-16 B A/B B
M1-17 A A B
M4-18 A A/B B
Notes: * The [Na III] 7.3 µm and H I 6–5 line at 7.5 µm cover much of the PAH emission
feature. † The 8.5 µm C60 feature covers this feature, which adds uncertainty to the observed
profile of the PAH emission. ‡ It is unclear as to whether the emission observed in these
sources is real, as the profiles are irregular.
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features and the presence of the other C-rich dust emission features, although this may depend
on the applied continuum.
The PAH emission within the wavelength range 6–9 µm in this sample of Galactic anti-
centre PNe is typical of that observed in evolved stars from other regions. However, variations
within the wavelength range of the 7.7 µm profile are seen in sources with a broader inventory
of C-rich dust features, and these have not been observed in spectra from other samples of
PNe.
4.3.2 Ionisation fractions
The charge of the PAH molecules directly affects the relative intensities of the main features;
those attributed to C–C bonds (6.2 and 7.7 µm) are stronger in ionised PAHs, whereas those
caused by C–H bond emission (3.3 and 11.2 µm) dominate in neutral molecules, and the
12.8 µm feature is emitted from both (Shannon et al., 2016). Figure 4.3 compares flux ratios
of ionised-to-neutral PAH features (6.2 / 11.2 µm and 7.7 / 11.2 µm), including values from
Fig. 4.3 The I(6.2) / I(11.2) PAH flux ratio plotted against the I(7.7) / I(11.2) ratio, both
used as a reference for the degree of ionisation and hydrogenation of PAHs in their local
environments.
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the anti-centre sample and those from two other samples of PNe: one from the metal-poor
Magellanic Clouds (Bernard-Salas et al. 2009, 2008) and a representative sample from the
solar neighbourhood (Pottasch and Bernard-Salas, 2006). The figure shows a strong positive
correlation between the two ratios, as has been observed previously (e.g. Bernard-Salas et al.
2009; Cerrigone et al. 2009). Most of the PNe in the Galactic anti-centre sample have low
ionisation fractions, implying that the regions in which the PAHs are likely to be located
(namely the photodissociation regions, or PDRs) around these PNe favour the presence of
neutrally charged PAHs.
4.4 PAH decomposition
The profiles of broad PAH emission features cannot accurately be fitted by a single Gaussian,
unlike those of atomic lines. Indeed, these profiles are asymmetric and differ between sources,
as there are hundreds of potential molecular structures for PAHs that can be observed in
circumstellar and interstellar environments. Recent studies have investigated these subcom-
ponents in reflection nebulae and H II regions (e.g. Ricca et al. 2012, Peeters et al. 2017;
Stock and Peeters 2017, Ricca et al. 2018), which have shown correlations between different
sets of components for different source types. By fitting these features as sums of multiple
Gaussians with set parameters (e.g. FWHM, approximate peak wavelength), relationships
can be inferred between these molecules based on correlations of the relative intensity values
of these components. This may provide information regarding the molecular families of these
PAHs (e.g. coronene-based, ovalene-based, etc.) as well as their structure (e.g. the presence
of bay regions), size and charge. This will be the first time in which this method has been
applied to the spectra of evolved stars.
This section explains the technique used to measure these Gaussian components, what
each component represents, the analysis of the PAH decomposition for the sample of PNe
from the Galactic anti-centre, and the implications regarding the molecular structure of the
PAHs in these sources. The spectral continua are fit as global splines, as shown in Figure 4.1.
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In Figure 4.4, examples of measurements carried out over the three wavelength regions of
interest are shown; atomic lines are masked before fitting the Gaussians.
For this work, only the decomposition of the 7–9 µm region will be analysed, as the 6 and
11 µm regions are difficult to accurately measure due to the smaller subcomponents at 6.0 and
11.0 µm, respectively, being too weak in almost all cases. The results of these decompositions
will be shown, but more weight will be given to the analysis of the 7–9 µm PAH emission
bands.
4.4.1 Gaussian curve fitting
Gaussian curves were fitted such that the wavelength of the central peak was a free parameter
but the FWHM of the curves were fixed to values matching those of Peeters et al. (2017)
for the reflection nebula NGC 2023, allowing for direct comparisons with their data (see
§ 4.4.3). The curves were measured separately in both nods of the SL spectra, and the
corresponding flux values were averaged over the two values. Any atomic lines found within
these wavelength regions were masked when applying the measurements, unless there was
any uncertainty as to whether a particular feature could be attributed to dust emission.
A Gaussian curve is represented by the following equation:
y = A× exp
(−(x−µ)2
2σ2
)
(4.1)
where A is the amplitude, µ is the peak wavelength and σ is the standard deviation of the
corresponding normal distribution, of which the FWHM = 2.355 σ .
4.4.2 Components
The 6.2 and 11.2 µm features are known to have smaller components centred around 6.0 and
11.0 µm, respectively. The 11.0 and 11.2 µm components represent C–H out-of-plane bend
motions, which Hony et al. (2001) attributed to solo C–H bond movements in ionised and
neutral PAHs, respectively. The origin of the smaller 6.0 µm component is not well defined.
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Fig. 4.4 The 6, 7 and 11 µm regions of PN M1-17, as seen through observing nods 1 and 2 of
Spitzer IRS. The separate Gaussian components (green) are added together (red) in order to
match the original data (blue). The fitted continua are shown as purple dashed lines.
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Similarly, the 7–9 µm region can be separated into several Gaussian subcomponents.
Previous studies have separated this complex into three components at 7.6, 7.8 and 8.6 µm
(e.g. Bauschlicher et al. 2008, 2009; Ricca et al. 2012), though Peeters et al. (2017) and
Stock and Peeters (2017) have since considered a fourth component at 8.2 µm. These four
components of the 7–9 µm region have been designated as the following:
• 7.6 µm component: Cationic and anionic PAHs with 20–100 carbon atoms;
• 7.8 µm component: Cationic and anionic PAHs with 100–150 carbon atoms;
• 8.2 µm component: C–H in-plane bending modes with numerous bay regions (pre-
dominantly neutral);
• 8.6 µm component: C–H in-plane bending modes from large (96–150 carbon atoms),
compact, symmetric molecules.
4.4.3 Decomposition analysis
From the sample of anti-centre PNe, the individual PAH components were measured in
nine sources. This is because it was not always possible to differentiate the weaker 6.0 and
11.0 µm components from the stronger 6.2 and 11.2 µm features in the low resolution SL
module, and occasionally the 8.2 µm component could not be observed. Table 4.4 shows
these intensity values, with the associated uncertainties given as the difference between the
values from the two positions from which observations are taken (see Chapter 2). The 6
and 11 µm complexes both show a red wing that cannot be well fitted using this Gaussian
decomposition, as shown in Figure 4.4. In these cases, all flux is within the wavelength
ranges ∼ 5.9–6.6 µm and ∼ 10.9–11.7 µm respectively (depending on continuum points).
To account for this, Table 4.4 shows both the intensities of the associated Gaussian features,
I(λ )G, and intensities accounting for the “full” 6.2 and 11.2 µm components, I(λ ) f . The
“full” components are calculated by subtracting the intensity of the 6.0 or 11.0 µm component
from the intensity values of the 6 and 11 µm complexes, respectively, calculated from the
flux values in Table 4.2.
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For the 7–9 µm complex, Figure 4.5 shows a series of correlation plots comparing ratios
of the four Gaussian components in the anti-centre sample, as well as those from a set of
comparison sources including the reflection nebula NGC 2023 as observed with Spitzer
IRS (Peeters et al., 2017), and a selection of sources from the solar neighbourhood observed
by the ISO Short Wavelength Spectrometer (SWS) including PNe, post-AGB stars, H II
regions, Herbig Ae/Be stars, Seyfert galaxies and young stellar objects, as studied by Peeters
et al. (2002). For ease of reference, this will be referred to as the “ISO sample” for the
remainder of this chapter. The Pearson correlation coefficients of these plots are shown in
Table 4.5. The correlation coefficients for the ISO sample with wavelengths fixed at 7.59,
7.93, 8.25 and 8.58 µm (for the 7.6, 7.8, 8.2 and 8.6 µm components, respectively) are given
in the table as a comparison. Only values where the wavelengths are not fixed are considered.1
However, the FWHM values have been fixed in all cases, with respective values of 0.450,
0.300, 0.270 and 0.344 µm, allowing for comparisons of the intensity values with those
from Peeters et al. (2017), who applied the same FWHM values.
The plot comparing the 8.2 and 8.6 µm components shows the strongest correlation for
the nine PNe in the Galactic anti-centre. This correlation is also strong in the ISO sample, but
not for the NGC 2023 data. The 7.6 and 8.6 µm components also show a strong correlation,
and this is observed within all samples. Conversely, the 7.6 and 7.8 µm components show no
correlation in all samples except NGC 2023, in which the correlation is low-to-moderate. The
7.8 and 8.6 µm components are also not correlated in most of these samples, except for the ISO
sample, in which there is a moderate-to-strong correlation. There are moderate correlations
between the 7.8 and 8.2 µm components and between the 7.6 and 8.2 µm components, though
the latter comparison shows a negative correlation for the anti-centre and ISO samples.
The sample of Stock and Peeters (2017), which contained both H II regions and RNe,
showed different correlations between the two types of sources; the H II regions showed strong
correlations between the neghbouring components (i.e. 7.6 and 7.8 µm, 7.8 and 8.2 µm,
8.2 and 8.6 µm) whereas the strongest correlations from the RNe were between the 7.6
1This is because the anti-centre sample contains a range of PAH profiles from Classes A and B, and the fixed
wavelengths were exclusively applied to samples of Class A sources, hence these are not fully representative.
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Fig. 4.5 Correlation plots between the flux ratios of 7–9 µm components. The dark grey
and light grey circles represent data points from NGC 2023, as analysed by Peeters et al.
(2017); dark blue and light blue diamonds represent data from a variety of sources as analysed
by Peeters et al. (2002), where the peak wavelengths are either free (light blue) or fixed to
7.59, 7.93, 8.25 and 8.58 µm (dark blue). Orange squares represent the Galactic anti-centre
data points.
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Table 4.5 Pearson correlation coefficients of the plots in Figure 4.5.
NGC ISO ISO ISO +
Plot 2023 (fixed λ ) (free λ ) anti-centre anti-centre All
I(8.2) vs. I(7.6) 0.474 −0.450 −0.418 −0.449 −0.418 −0.151
I(8.2) vs. I(7.8) 0.760 0.482 0.674 0.429 0.601 0.659
I(8.6) vs. I(7.6) 0.926 0.977 0.916 0.798 0.910 0.897
I(8.6) vs. I(7.8) −0.011 0.941 0.626 −0.043 0.456 0.195
I(7.6) vs. I(7.8) 0.409 0.008 −0.069 −0.086 −0.141 0.089
I(8.6) vs. I(8.2) −0.116 0.961 0.853 0.964 0.890 0.834
Notes: The “ISO + anti-centre" and “all" data considered ISO values where the peak wave-
lengths were not set, as shown by the magenta diamonds in Figure 4.5, and did not consider
the ISO data for which the peak wavelengths were fixed. The FWHM values were always set
to those applied in Table 4.4; see also Peeters et al. (2017).
Fig. 4.6 Schematic of a PAH molecule with bay regions indicated. Figure reproduced
from Candian et al. (2012).
and 8.6 µm components, and between the 7.8 and 8.2 µm components. They attributed the
differences in correlations to the RNe having irradiated PDRs, whereas those of the H II
regions were more quiescent.
In theory, there is no clear explanation for the strong correlations between the 7.6 and
8.6 µm PAH components, as the former represents smaller, charged molecules, and the
latter indicates the presence of compact molecules that are larger in size. Ricca et al. (2018)
investigated this relationship further by analysing density functional theory calculations to
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predict the spectra of a range of PAH molecules, and found that these correlations were
observed in those with straight edges (i.e. with no branches or bay regions, the latter as shown
in Figure 4.6) consisting of ∼ 50–110 carbon atoms. This incorporates the representations
of both components well. On the other hand, while the 8.2 and 8.6 µm components both
represent C–H bond movements and are linked with PDRs within the quiescent ISM, some of
the anti-centre PNe show large intensity values for these components with a strong correlation.
This may require further investigation, as the PDRs of these PNe will be strongly irradiated.
4.5 Silicon carbide
Silicon carbide (SiC) is another form of C-rich dust emission, with its broad feature spanning
the wavelength range∼ 9–13 µm (e.g. Treffers and Cohen 1974, Lagadec et al. 2007, Bernard-
Salas et al. 2009) , though its classification is still in debate. SiC is rarely observed around
evolved stars in the Milky Way, with several detections from PNe in the Magellanic Clouds
(e.g. Bernard-Salas et al. 2009; Sloan et al. 2014), and few studies reporting SiC observations
in Galactic sources.
Silicon carbide has been detected in five of the 23 sources from the Galactic anti-centre
sample, as shown in Figure 4.7. The profiles of each of these features are within the wavelength
range ∼ 9.7–13.5 µm, and the peaks are observed at ∼ 11.6 µm. From a sample of PNe in
the sub-solar metallicity Magellanic Clouds analysed by Bernard-Salas et al. (2009), nine of
the 25 sources showed the SiC emission feature. Hence, SiC is readily observed around PNe
in regions of sub-solar metallicity.
All five of the SiC-containing PNe have low radiation fields, as none show [Ne V] emission
lines and only K3-66 shows a weak detection of the 25.9 µm [O IV] line. This reinforces
the finding of Bernard-Salas et al. (2009), in which SiC was only detected in PNe with low
radiation fields.
Casassus et al. (2001a,b) analysed observations of Galactic PNe from the United Kingdom
Infrared Telescope (UKIRT) and reported to have detected the SiC feature in 30 sources out
of a collective sample size of 99. However, these findings were published before the launch of
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Fig. 4.7 The five PNe in our sample containing SiC. The left figures show the full LR range
with the continuum shown as a dashed line fitted to the circle points. The right figures show
the continuum subtracted spectra in the range 8.5–14 µm, in order to emphasise the SiC
features.
the Spitzer Space Telescope in 2003, and hence the improved resolution and sensitivity offered
by Spitzer may help in refining these quantities. I searched the Spitzer IRS archives and online
CASSIS atlas2 (Lebouteiller et al. 2011, Lebouteiller et al. 2015) for the 30 Galactic PNe
reported to exhibit SiC emission, in order to investigate the rarity of this feature in evolved
stars from the Milky Way. Table 4.6 shows results for the 24 PNe in the samples of Casassus
et al. (2001a,b) with Spitzer IRS spectra. Including three new detections from our sample,
2The Combined Atlas of Sources with Spitzer IRS Spectra (CASSIS) is a product of the IRS instrument team,
supported by NASA and JPL. Website: http://cassis.astro.cornell.edu
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Table 4.6 Inventory of SiC-containing PNe observed by Casassus et al. (2001a,b), re-analysed
with Spitzer IRS spectra. Detections of SiC are shown for the sample, alongside whether
these PNe are located towards the Galactic anti-centre, in accordance with Galactocentric
distances calculated from Frew et al. (2016).
PN Anti-centre SiC PN Anti-centre SiC
K3-66** Y Y Vy 2-2 N Y†
M1-9** Y Y Hu 2-1 N Y†
SaSt2-3** Y Y K3-69* Y N‡
M1-6* Y Y M4-18* Y N‡
M1-14* Y Y IC 2165 Y N
M1-5 Y Y Hb 12 N N
M1-11 Y Y BD +30◦3639 N N
M1-12 Y Y NGC 5315 N N
IC 418 N Y NGC 7027 N N
IC 2501 N Y IC 2621 N N‡
K3-62 N Y IC 5117 N N‡
M1-20 N Y K3-52 N N
M1-71 N Y M1-27 N N
NGC 6790 N Y
Notes: * Analysed in our anti-centre PN sample. ** Not analysed by Casassus et al. (2001a,b).
† Profile ends at bluer wavelengths than those of typical SiC features. ‡ Profile more reminis-
cent of Class α PAH emission (Matsuura et al., 2014).
at least 16 Galactic PNe show the broad SiC emission feature, of which eight are located
towards the sub-solar metallicity anti-centre (i.e. 120◦ < l < 240◦, −20◦ < b < +20◦).
In the Milky Way, there are IR spectra for hundreds of PNe (e.g. Otsuka et al. 2014), yet
there is now a total of 16 Galactic sources of SiC that have so far been detected. Owing to
the rarity of this emission feature in PNe, and the fact that 50% of all detections are within
the third of the Galactic disk located towards the anti-centre, it can be concluded that the
formation of SiC is favoured within regions of lower metallicity.
4.6 Fullerenes
Since the discovery of buckminsterfullerene (C60) in the Galactic PN Tc 1 (Cami et al., 2010),
fullerenes have remained the largest known molecules to be firmly identified in space. C60
shows strong emission features at 17.4 and 18.9 µm and weaker features at 7.0 and 8.5 µm,
the latter two of which may blend with the 7.0 µm [Ar II] emission line and the 8.6 µm PAH
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feature, respectively, in low-resolution spectra. Other weak features associated with fullerenes
are located around 6.5, 7.6 and 8.1 µm (Sloan et al., 2014), as well as C+60 at 6.4, 7.1 and
8.1 µm (Berné et al., 2013), though these are all located within the wavelength regions of the
broad 6.2 and 7.7 µm PAH emission features and hence may be difficult to detect with the
resolution of the SL module of Spitzer IRS.
Fullerenes have been observed in many diverse environments, including PNe, reflection
nebulae (e.g. Sellgren et al. 2010) and H II regions (e.g. Castellanos et al. 2014). C+60 has also
been confirmed as a carrier of diffuse interstellar bands (DIBs; Campbell et al. 2015, Walker
et al. 2015), implying that fullerenes may be common in the Universe. In Magellanic Cloud
PNe, there is a reasonably high probability of observing fullerenes; García-Hernández et al.
(2011) and Sloan et al. (2014) have together detected C60 emission in the Spitzer IRS spectra
of 12 PNe from the 66 originally analysed by Stanghellini et al. (2007) and Bernard-Salas
et al. (2009). However, fullerene-containing PNe are rarer in the Milky Way, with 11 out of
338 Galactic PNe from the Spitzer IRS archives (∼ 3%) showing C60 emission (Otsuka et al.,
2014). Of these 11 PNe, seven are located towards the anti-centre and three are within this
data set: M1-6, M1-9 and SaSt2-3.
In addition to the three fullerene sources discovered in our sample by Otsuka et al. (2014),
M4-18 also shows C60 emission. The 7.0 and 8.5 µm features are not observed in this
PN, unlike with the other three, due to strong emission from the [Ar III] line centred at
∼ 6.98 µm and an 8.6 µm PAH feature centred at ∼ 8.60 µm (c.f. expected wavelengths of
7.04 ± 0.01 µm and 8.51 ± 0.01 µm for the two C60 features; Sloan et al. 2014). However,
the emission from the 17.4 and 18.9 µm features is strong. Figure 4.8 shows these two
emission features in all four of the PNe in our anti-centre sample. The number of detections
of fullerenes in relatively small samples of PNe within the Galactic anti-centre and the
Magellanic Clouds is relatively high, suggesting a relationship between fullerene sources
and regions of low metallicity. Three of these four fullerene-containing PNe also show SiC
emission, as do nine of the ten confirmed fullerene-containing PNe from the Magellanic
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Fig. 4.8 Continuum-subtracted, normalised profiles of the 17.4 and 18.9 µm C60 features in
the sample.
Clouds (Stanghellini et al. 2007; Bernard-Salas et al. 2009; García-Hernández et al. 2011),
hence the presence of these features may also be linked.
4.7 The 30 µm feature
The 30 µm feature, spanning from ∼ 23–45 µm, is commonly observed in C-rich sources
and is often attributed to MgS (e.g. Goebel and Moseley 1985; Hony et al. 2002; Sloan et al.
2014), though this classification is still in debate. Zhang et al. (2009) calculated that the
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strength of the observed feature in the proto-planetary nebula HD 56126 would require a
much larger mass of MgS than was present in order to confirm this classification. To overcome
this, Lombaert et al. (2012) suggested that MgS could be used as a coating for SiC dust grains,
which remains a widely accepted explanation for the presence of this feature.
While this feature is not observed in its entirety within our sample as the Spitzer IRS
wavelength coverage cuts off at∼ 37 µm, there are six PNe with profiles rising from∼ 23 µm,
indicating its presence: M1-6, M1-9, M1-14, M4-18, SaSt2-3 and (more tentatively) M2-2. A
similar feature has been observed in M1-17, though the profile does not completely match
that of typical 30 µm emission; the feature begins to rise away from the continuum around
27 µm. Hence, M1-17 is not considered as a source of the 30 µm feature.
In some sources from the literature, the broad 30 µm emission feature has been observed
alongside a series of associated features. The most well known of these is found around 21 µm,
with weaker features at 15.8 and 17.1 µm, typically associated with aliphatic carbonaceous
compounds (e.g. Sloan et al. 2014). However, there have been claims that the 30 µm feature
is not linked to the others (e.g. Mishra et al. 2015). None of the PNe in our sample show these
accompanying features.
Sloan et al. (2014) suggested that these 30 µm features are always present alongside SiC
emission. While this is true for four of the PNe in this sample, M2-2 and M4-18 both show
30 µm emission (only tentatively, in the case of M2-2) yet neither show SiC emission. In
the sample of Bernard-Salas et al. (2009), there were three sources that showed the 30 µm
feature, but did not show SiC emission. For these three sources and for M4-18, the spectral
profiles of the emission in the wavelength range ∼ 9–13 µm are more closely related to PAH
clusters than SiC.
In our sample, four of the five SiC sources show the 30 µm feature, hence if we assume
the 30 µm feature is attributable to MgS, it is plausible that MgS could be coating SiC grains,
as originally suggested by Lombaert et al. (2012).
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4.8 Silicates
O-rich dust is observed in the form of amorphous or crystalline silicates (SiO and SiO2).
Amorphous silicates show broad features at∼ 10 µm and 18 µm, whereas crystalline features
are observed at 23, 28, 33, 40 and 60 µm.
There are no clear detections of silicates in our sample. Figure 4.9 shows one tentative
detection of a 10 µm amorphous silicate absorption feature in M4-18, alongside a silicate
absorption feature taken from a sample of ultra-luminous infrared galaxies (ULIRGs) analysed
by Spoon et al. (2007) for comparison. The two profiles are consistent with each other. The
corresponding 18 µm amorphous silicate feature is not observed in M4-18.
While other studies have not detected silicate dust absorption in this PN (e.g. Górny et al.
2001), the Spitzer IRS spectrum strongly suggests that it is present. A potential explanation
for the presence of this feature is a cold silicate dust disk around M4-18, which would absorb
much of the light within the wavelength range ∼ 9–11 µm emitted from the PN. If these
Fig. 4.9 (a) the SL spectrum of M4-18, with the fitted continuum shown as a dotted line. The
continuum anchor points are shown as black circles. (b) the continuum-subtracted spectra of
M4-18 and the ultra-luminous infrared galaxy NGC 3628. The NGC 3628 data comes from
Spitzer observing program 14 (PI: J. Houck).
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silicates were observed within close proximity of the PN, the features would have been
observed in emission due to the high temperatures around the star. Hence, the silicate dust
must be located far from the source such that this feature is not observed in emission, and
there must be a relatively large amount of it to produce such a strong spectral feature.
4.9 Featureless spectra
Most of the PNe in our sample show spectra with a continuum that rises with increasing
wavelength, indicating the presence of dust. However, some do not show particular emission
bands attributable to C-rich or O-rich dust (e.g. PAHs, silicates, etc.) and these are classified
as ‘featureless’. In our sample, five of the 23 PNe are featureless: J320, K3-90, M1-1, Y-C 2-5
and M3-2, the last of which also does not show a rising dust continuum with wavelength.
Of the five PNe with featureless spectra, three experience strong radiation fields, in that
they exhibit both [O IV] and [Ne V] emission. M1-1 also shows [Ne VI] emission (see
Chapter 3), which has an ionisation potential of 126 eV. The only other source in our sample
with this emission line is M1-16, which shows particularly strong PAH emission, indicating no
relationship between the dust composition and the radiation field around the ionised regions
of the PN.
It may be possible that these spectra are featureless because the dust emitting species
have been destroyed. The methods by which dust grains can be destroyed are discussed
further in Chapter 5, though studies have shown that C-rich molecules are more likely to be
stable in stellar UV radiation fields with sizes greater than 30–40 carbon atoms (Jochims et al.
1994, Allain et al. 1996; Seon and Draine 2016). Hence, it may be speculated that the five
featureless PNe in the Galactic anti-centre sample produced smaller dust grains earlier in their
lifetimes that have since been destroyed.
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4.10 The link between dust composition and metallicity
The dust compositions of the PNe from the Galactic anti-centre will now be compared to
those from samples taken from regions of different metallicities from the Milky Way and
Magellanic Clouds, in order to establish any links between them.
The variation of dust chemistry with location in the Milky Way suggests that the com-
position of this dust is linked with the metallicity of the local environment. These findings
have been compared with other spectroscopic samples of PNe in the Milky Way and the
Magellanic Clouds, which were analysed in the same way from the literature, in Table 4.7.
The abundances of neon, sulfur and argon in the anti-centre PNe are comparable to those of
the LMC and SMC (see Chapter 3), and these regions are more metal-poor than the Galactic
bulge and solar neighbourhood.
The samples of PNe from the Magellanic Clouds, the Galactic anti-centre, the solar
neighbourhood and the bulge show similar percentages of C-rich dust emission, predominantly
from PAHs. However, it is clear that there are significantly more PNe with C-rich dust
Table 4.7 Comparison of dust inventories with studies from the solar neighbourhood and
Magellanic Clouds.
Galactic Solar Magellanic Galactic
Bulge Neighbourhood Clouds anti-centre
(0–4 kpc) (4–10 kpc) (8–21 kpc)
Metallicity High Solar Sub-solar Sub-solar
Sample size 11 20* 25 23
C-rich emission 56% 60% 60% 78%
O-rich emission 100% 40% 8% 4%
Dual-dust chemistry 56% 20% 4% 4%
SiC 0% 5% 36% 22%
Notes: Bulge sample: Gutenkunst et al. (2008); Solar neighbourhood: Pottasch and Bernard-
Salas (2006); Magellanic Cloud sample: Bernard-Salas et al. (2009). The percentages repre-
sent the PNe in the sample with these dust emission features and are not mutually exclusive. *
The sample analysed in this work used ISO spectra and consisted of 26 PNe, in which most
were obtained from the SWS02 observing mode which focused on particular line features
instead of covering a broad wavelength range, hence mid-IR spectra were found for as many
sources as possible from IRS programs 93 (PI: D. Cruikshank) and 30430 (PI: H. Dinerstein),
and from the following sources: Delgado-Inglada and Rodríguez (2014); Bernard-Salas et al.
(2001); Kemper et al. (2002); Pottasch et al. (2002); Matsuura et al. (2005); Chesneau et al.
(2007); Ortiz et al. (2011); Mata et al. (2016).
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Fig. 4.10 The abundance gradients of neon, sulphur and argon in the Milky Way, with their
dust composition shown. The solar neighbourhood data have been taken from Pottasch and
Bernard-Salas (2006).
emission than O-rich emission in the sub-solar metallicity Magellanic Clouds and the Galactic
anti-centre. The proportion of sources with emission from SiC is greater in these lower
metallicity regions than elsewhere in the Milky Way, and the same is true for C60 emission;
eight of the twelve known Galactic fullerene-containing PNe have been observed towards the
anti-centre, and spectra for 12 out of the 66 PNe observed in the Magellanic Clouds from
the studies of García-Hernández et al. (2011) and Sloan et al. (2014) have also shown these
emission features.
Figure 4.10 shows the abundance gradients of neon, sulphur and argon with an indication
of the overall dust composition of each PN shown. The samples of PNe from the solar
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neighbourhood (Pottasch and Bernard-Salas, 2006) and Galactic bulge (Gutenkunst et al.,
2008) are also shown. The Rg values for the anti-centre PNe are given in Chapter 3. The
figure shows a mixture of C-rich, O-rich, featureless and dual-dust chemistry sources closer
to the Galactic centre (∼ 4–8 kpc). PNe with C-rich dust compositions dominate at lower
abundances, with several featureless sources also observed.
The dust chemistry of the Galactic anti-centre resembles that of the Magellanic Clouds
much more closely than elsewhere in the Galactic disk; both of these regions of sub-solar
metallicity show more C-rich than O-rich PNe, and there is a diverse range of C-rich dust
emission features observed in both regions. This reinforces the point that there is indeed a
link between the dust composition of a region and its metallicity, and emphasises that low
metallicity favours C-rich dust production.
4.11 Conclusions
A sample of 23 PNe have been observed in the metal-poor Galactic anti-centre with Spitzer
IRS and the dust features have been examined. The main findings are as follows:
1. In this sample, 18 of the PNe show C-rich dust emission whereas only one may show
amorphous silicate absorption, supporting the idea that low metallicity favours carbon-
rich dust production.
2. The dust inventory of PNe in the anti-centre is also similar to that of the metal-poor
Magellanic Clouds, with five detections of SiC and four of C60 from this sample alone.
As the average metallicities of these galaxies are reached in the anti-centre sample, the
relationship between dust composition and metallicity has become more evident.
3. The PAH emission observed in the anti-centre PN sample shows an even mixture of
Class A and B profiles, as defined by Peeters et al. (2002).
4. The 7–9 µm PAH regions of the Galactic anti-centre PNe have been decomposed into
four Gaussian components, as by Peeters et al. (2017) and Stock and Peeters (2017).
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Each of these components represents the contributions of molecules from different
bonding structures within the PAH molecules. From this sample, there are strong
correlations between the intensities of the 7.6 and 8.6 µm components, as well as
between those of the 8.2 and 8.6 µm components. These findings are consistent with
those from samples of reflection nebulae and H II regions, respectively. While there
are no clear links between the former two components, the latter two both represent
C–H bonds, potentially suggesting links between the size of the PAH molecules and the
number of bay regions.
5. An inventory of Galactic PNe containing the SiC emission feature was obtained from
archival Spitzer IRS data, from the sources analysed by Casassus et al. (2001a,b). This
emission feature is observed in 16 PNe, and eight of these sources are located towards
the sub-solar metallicity anti-centre, three of which are new detections from our sample.
It follows that the formation of SiC is favoured in regions of lower metallicity.
6. One new source of C60, M4-18, has been detected. This brings the total number of
PNe observed with Spitzer IRS containing these features to 12 out of 338, as originally
investigated by Otsuka et al. (2014). 67% of these fullerene-containing PNe are found
towards the sub-solar metallicity Galactic anti-centre, indicating a relationship between
the presence of fullerenes and low metallicity.
7. Four of the six PNe with spectra showing the 30 µm feature also contain the SiC feature.
Of the other two, one is a tentative detection and the other tentatively shows the 10 µm
amorphous silicate absorption band, which partly covers the wavelength range of SiC.
Hence, this finding is in agreement with previous suggestions that there is a relationship
between the carriers of these two features.
Spectroscopic observations from the Milky Way and Magellanic Clouds have provided a
detailed view of the dust composition of PNe in the Milky Way and Magellanic Clouds. With
its enhanced sensitivity, the James Webb Space Telescope (JWST) will be able to extend these
studies to the Local Group of galaxies, in which we can further analyse the dust composition
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of evolved stars within a broader metallicity range. With its high spatial resolution, JWST
can also pinpoint the location of many dust emission features within a PN through IFU
spectroscopy (0.6–28 µm), providing a better understanding of the formation and evolution
of the emitting dust features as a function of the physical conditions of the gas, and of stellar
parameters.
This chapter has reinforced the concept that the compositions of dust from PNe are closely
related to their local metallicity. Spectral observations of PNe in regions as low as 1/6 Z⊙,
namely the Galactic anti-centre and the Magellanic Clouds, compare well in terms of both dust
composition and elemental abundances, but what about those in regions where the metallicity
is much lower? The next chapter investigates this conundrum with the analysis of a sample of
PNe in the Galactic halo.
Chapter 5
Abundances and dust compositions of
planetary nebulae from the Galactic halo
5.1 Introduction
Most of the gas and dust in the Milky Way is located within its spiral-shaped disk. Surrounding
this region is the spheroidal Galactic halo, which contains a large amount of dark matter but
little stellar activity. The halo has an age of approximately 13.8 Gyr and a metallicity of
Fe/H ∼ −1.78 ± 0.50, i.e. the iron abundance is ∼ 10−1.78 times that of the Sun. This is an
order of magnitude lower than the mean metallicity of the Galactic thick disk (Robin et al.,
2003).
Despite its metal-poor nature and low stellar population, the halo may not contain the
oldest stars in our Galaxy. This depends on the original formation of the Milky Way. If the
Galaxy was formed inside-out (e.g. Bovy et al. 2012; Larson 1976; Sommer-Larsen et al.
2003), the oldest stars may be found around the Galactic bulge (e.g. Koch et al. 2016; Tumlin-
son 2010). However, the bulge cannot have been directly formed from the halo (e.g. Clarkson
et al. 2008; Fulbright et al. 2007) as the metallicities of α-elements like silicon, calcium
and titanium are more enhanced in the bulge (see also Gutenkunst et al. 2008; Pottasch and
Bernard-Salas 2015). Knowledge of the kinematics of these regions may help constrain
the star formation history (e.g. Gilmore et al. 1989); indeed, those of the Galactic halo are
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different to those within the disk of the Milky Way. The movement of sources in the Galactic
disk are likely due to rotation around the Galactic bulge, whereas the halo does not rotate; the
observed motions of sources in the halo are primarily due to the reflex component caused by
interactions between the observer and the Sun (e.g. Malhan and Ibata 2017).
Only ∼ 12–14 PNe out of ≳ 1100 in the Milky Way have been detected within the
Galactic halo (e.g Henry et al. 2008; Howard et al. 1997; Otsuka et al. 2008; Otsuka and
Tajitsu 2013; Stasin´ska et al. 2010). Interestingly, more halo PNe have an oxygen-rich
composition (Howard et al., 1997; Stasin´ska et al., 2010), some of which exhibit silicate dust
emission (e.g. Gesicki et al. 2010), contradicting the main outcome of Chapter 4: metal-poor
environments favour the production of carbon-rich dust. García-Hernández and Górny (2014)
found that both C-rich sources and O-rich PNe with amorphous silicate features are more
likely to be metal-poor (Z ∼ 0.008, c.f. Z⊙ ∼ 0.02) than PNe with crystalline silicates or
dual-dust chemistry. Alongside the metallicity, the mass of the star in its AGB phase (i.e.
when it loses its circumstellar envelope) is also an important factor in determining its eventual
dust composition; if Z ∼ Z⊙, the third dredge-up can only efficiently take place in stars where
M ≳ 1.5 M⊙ (Lattanzio, 1989; Straniero et al., 1997).
Four of the PNe in the Galactic halo are also associated with globular clusters (GCs).
These are groups of old (∼ 12–13 Gyr) stars that formed during the first few Gyr of the
lifetime of a galaxy (e.g. Canning et al. 2014). GCs orbit around the centre of their local
galaxy over periods of ∼ 108 years, during which they lose large amounts of mass. This
is partly from ram pressure stripping as the GC crosses the galactic disk (e.g. Moore and
Bildsten 2011; Naiman et al. 2013; Priestley et al. 2011; Tayler and Wood 1975), but also
from Jeans escape (McDonald and Zijlstra, 2015), i.e. some of the gas in the GC travels faster
than the escape velocity:
vescape =
√
2GM
R
(5.1)
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where G is the gravitational constant, 6.67 × 10−11 m3 kg−1 s−2; M is the GC mass and R
is its radius. Jeans escape occurs at distances beyond those at which the ram pressure is not
effective.
In this chapter, the neon, sulphur and argon abundances of six PNe in the Galactic halo
are analysed using data from Spitzer IRS, in order to examine the extent of the metal-poor
nature of this region, and to analyse the dust emission of PNe at low metallicity. The dust
compositions of these PNe are also determined and analysed with reference to the low
metallicity of the Galactic halo and the potential origins of these sources.
In § 5.2, the sample of PNe from the Galactic halo are shown and the methods of data
reduction are outlined. An analysis of the abundances of neon, sulphur and argon in these
PNe is given in § 5.3, and the dust content is analysed in § 5.4. The origins of these PNe and
their dust composition contextualised to the metallicity of the halo are discussed in § 5.5, and
a summary is given in § 5.6.
5.2 Data
5.2.1 Sample
The sample analysed in this chapter consists of the six Galactic halo PNe observed with
Spitzer IRS, as shown in Table 5.1, from observing programs 30652 (PI: J. Bernard-Salas)
and 20049 (PI: K. Kwitter). We do not consider M2-29, which has long been considered a
halo PN (e.g. Exter et al. 2004; Howard et al. 1997), as it has since been reclassified as a
bulge PN (Miszalski et al., 2011) due to its Galactocentric distance of Rg ∼ 0.8 kpc (Frew
et al., 2016) and its Galactic coordinates (l = 4.0◦, b = −3.0◦). We also do not analyse
PNG 135.9+55.9 (also known as TS 01) in the same way, as low-resolution observations
with Spitzer IRS have not clearly detected the source (⩽ 3σ ), and there are no off-position
observations to subtract from the high-resolution spectra, resulting in many glitches. There
are no Spitzer IRS spectra for the halo PNe JaFu 1, JaFu 2, NGC 2242, NGC 4361 or
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PNG 243.8−37.1. The full 5–37 µm spectra for all sources are shown in Figure 5.1, alongside
the SL spectra.
Of the six PNe in the sample, four have been observed with Spitzer as part of a cam-
paign to analyse C-rich sources in the halo. With the exception of the oxygen-deficient
Fig. 5.1 The 5–37 µm spectra of each of the halo PNe. SL, SH and LH data are included on
the left-hand side, SL data are plotted on the right. Dashed lines show a selection of atomic
lines that are expected to be strong in PNe: 6.99 µm [Ar II]; 8.99 µm [Ar III]; 10.51 µm
[S IV]; 15.56 µm [Ne III]; 25.89 µm [O IV]; 33.48 µm [S III].
132 Abundances and dust compositions of planetary nebulae from the Galactic halo
PNG 135.9+55.9, all other known halo PNe have C/O < 1. Hence, there is an inevitable
sample bias which will be considered when analysing the data in this chapter.
For these six sources, the Spitzer IRS spectra have been published for K648 (Otsuka et al.,
2015), BoBn-1 (Otsuka et al., 2010), H4-1 (Otsuka and Tajitsu, 2013) and DdDm-1 (Henry
et al., 2008), whereas the Spitzer spectra of GJJC-1 and PRMG-1 are presented here for the
first time. In these studies, the abundances are derived using photoionisation models and the
dust compositions are obtained for individual sources (except for H4-1), with analysis on
a source-by-source basis. The work in this chapter involves the analysis of these Galactic
halo sources, but with more of an emphasis on the halo as a region of low metallicity. The
abundances of neon, sulphur and argon of these halo PNe are recalculated using the same
methods as outlined in Chapter 3, and are then analysed in the context of metallicity compared
to other PNe from the Galactic disk. The dust compositions of the halo PNe are similarly
compared to those from the disk of the Milky Way. Their origins are then discussed based on
their chemical compositions and their locations relative to the Sagittarius stream.
GJJC-1 is a particularly interesting source as its classification as a PN is tentative due
to its H- and He-deficient composition (e.g. Jacoby et al. 2017; Zijlstra 2002) and its large
dust-to-gas ratio of 0.3 ± 0.2 (c.f. ∼ 0.005 for a typical PN; Muthumariappan et al. 2013).
GJJC-1 was originally classified as a PN by Borkowski and Harrington (1991), due to its
strong emission from [Ne III] and ionised oxygen (observations of [O IV] in its IR spectrum
and [O III] in its optical, the latter shown by Gillett et al. 1989). The PN has also been
considered as a potential neon nova or merger, though in both cases the progenitor star and
the resulting white dwarf would be too massive. Jacoby et al. (2017) concluded that none of
these designations (including that of a PN) suit GJJC-1 particularly well. It is assumed for the
remainder of this chapter that this source is a PN.
Two of the PNe in this sample are located within GCs: K648 (Pease, 1928) and GJJC-
1 (Gillett et al., 1989, 1986) are respectively located within the globular clusters M15 and
M22. These are two of only four PNe located in Galactic GCs, the other two being JaFu 1
in Palomar 6 and JaFu 2 in NGC 6441 (e.g. Jacoby et al. 1997), both of which also reside
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within the Galactic halo. M15 (NGC 7078) is one of a minority of GCs (∼ 20%) which has
undergone core-collapse (Djorgovski and King, 1986), i.e. its luminosity profile is largest
at the core. It remains the only GC in which both dust and neutral intracluster H I gas have
been observed (Boyer et al., 2006; Evans et al., 2003). M22 (NGC 6656) is one of few GCs
in which internal abundance variations of iron have been observed (Da Costa et al., 2009).
The PN GJJC-1 is located ∼ 3.1 kpc from the centre of the GC (Frogel et al., 1983). There
have also been two sightings of stellar-mass black holes in M22, and it has been argued that
around 5–100 may be present throughout this GC (Strader et al., 2012).
5.2.2 Data handling and reduction
The data were downloaded from the Spitzer Heritage Archive, and the reader is referred to
Chapter 2 for more information on their reduction and extraction through the SMART program.
The observations used the SL, SH and LH modules in all cases, and the relevant scaling
factors to account for aperture corrections are shown in Table 5.1. The SL data were extracted
using the AdOpt package (Lebouteiller et al., 2010), and full aperture extractions were used
for the high resolution data. In each case, the data in each module were scaled to those in the
LH module, which is the largest of the three (4.7′′ × 11.3′′) and is therefore able to detect
more flux.
5.3 Abundances
Spitzer IRS is ideally suited for observing forbidden line emission from ions of neon, sulphur
and argon. The processes of determining the abundances for these elements in PNe are
explained in Chapter 3. The atomic data is given in Table 3.7 and primarily comes from
TIPbase, part of the IRON project (Hummer et al., 1993), though the effective collision
strength for [Ar IV] has been taken from Ramsbottom and Bell (1998). For the electron
temperature (Te) and electron density (ne) values required to calculate the abundances, Te
values have been used from literature and are shown in Table 5.1, whereas ne values have been
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Table 5.2 Electron densities for the PNe in the sample (cm−3).
PN ne (This work) Line ratio ne (Lit.) Ions Sources
K648 350 ± 100 [S III] 4650 [O II], [S II], [S III] 1,2
BoBn-1 2200 ± 250 [Ne III] 2700 [N I], [O II], [S II], [Ar IV] 1,3
H4-1 ... ... 2790 [N I], [O II], [S II] 4
GJJC-1 ... ... 10 ... 5
DdDm-1 3500 ± 500 [S III] 3750 [S II], [S III] 1,6
PRMG-1 ... ... 750 [S II] 1
Notes: (1) Howard et al. (1997); (2) Otsuka et al. (2015); (3) Otsuka et al. (2010); (4) Otsuka
and Tajitsu (2013); (5) Borkowski and Harrington (1991); (6) Henry et al. (2008). Line ratios
of [S III] and [Ne III] come from the 18.7/33.5 µm and 36.0/15.6 µm intensities, respectively.
calculated from IR spectral line intensity ratios where possible and are shown in Table 5.2.
The infrared line intensity values, I(λ ), are shown in Table 5.3. Literature values have been
used for the electron densities of H4-1 and PRMG-1, for which a 20% uncertainty is assumed,
as an approximation of the uncertainities in ne for K648, BoBn-1 and DdDm-1. The I(Hβ )
values have been converted from the 7.5 and 12.4 µm H I line intensities, using conversions
from Hummer and Storey (1987).
For GJJC-1, there are no emission lines in its IR spectrum aside from those of neon and
oxygen (see also Harrington et al. 1997). Also, the lack of hydrogen emission in both IR
and optical spectra suggests that F(Hβ ) will be low, leading to uncharacteristically large
abundance values. For example, model estimates from Borkowski and Harrington (1991)
give an uncharacteristically low value of log F(Hβ ) =−15.82 (where F(Hβ ) has units of
erg cm−2 s−1). For these reasons, we do not consider GJJC-1 in the upcoming abundance
calculations.
Where possible, the IR abundances have been complemented with those from other studies
at optical wavelengths, particularly for Ne3+, S+, S2+, Ar2+ and Ar3+. Though S2+ and Ar2+
are both observable at IR wavelengths, the relevant lines were not detected in the Spitzer
spectra in a few cases.
The resulting ionic and elemental abundance values for all transitions are shown in
Tables 5.4, 5.5 and 5.6. Ionisation correction factors of 1.11 ± 0.08 have been applied to
the sulphur abundances in DdDm-1 and PRMG-1, as their ionic abundances of S+ have not
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been published. This ICF value was calculated from the mean contribution of S+ towards
the overall sulphur abundances in K648, BoBn-1 and H4-1. Upper limits are calculated in
cases where particular lines cannot be observed from the continuum to ≳ 3σ , and half of
these values are added to obtain the overall elemental abundances. The abundances measured
from the Spitzer spectra generally agree well with those from the literature, though there are
few exceptions. For instance, the upper limits for [Ar II] in BoBn-1 and H4-1 are particularly
high as the continuum at 7.0 µm is noisy in these spectra. This leads to argon abundances
that are larger than those observed from literature, though the use of mid-IR data means
that the main ionisation states for each of the three examined elements are observed and
require relatively small extinction corrections, hence the abundances obtained in this study
are generally accurate.
5.4 Dust
In this sample, four of the PNe show C-rich dust emission: K648, BoBn-1, H4-1 and GJJC-1.
DdDm-1 is the only source to show amorphous silicate emission, and PRMG-1 is featureless.
The continuum-subtracted profiles of the 6.2, 7.7 and 8.6 µm PAH features in the sample
are shown in Figure 5.2. Using the classification system of Peeters et al. (2002), the 6.2 µm
PAH features of K648, BoBn-1 and H4-1 all peak at wavelengths indicating Class B emission.
The 6.2 µm emission in GJJC-1 is particularly unusual in that it peaks at ∼ 6.4 µm, which
is redder than any such feature documented in the literature. This feature is not attributable
to C60, of which there is a weak feature centred at ∼ 6.54 µm (e.g. Sloan et al. 2014),
or hydrogenated amorphous carbon (HAC), which shows emission features at ∼ 6.85 and
7.25 µm (e.g. Nardini and Risaliti 2011). The classification of this feature as one attributed to
PAHs is reasonable given the presence of a 7.7 µm feature, which also represents emission
from a C–C bond stretch. Analysis of the 7.7 and 8.6 µm features shows that BoBn-1 also
shows Class B emission. The profile of the 7.7 µm feature from H4-1 is difficult to classify
given that it may have been affected by glitches, or by artefacts resulting from the overlap of
the SL1 and SL2 orders at ∼ 7.5 µm. This particular feature may be classified as either PAH
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Fig. 5.2 The continuum-subtracted, normalised 6.2, 7.7 and 8.6 µm PAH emission profiles of
the four C-rich PNe.
Class A or B, though its 8.6 µm feature is more typical of a Class B feature. Both K648 and
GJJC-1 show broad features spanning from 7–9 µm, similar to a Class D feature (Matsuura
et al., 2014). These have so far only been observed in objects within the sub-solar metallicity
Magellanic Clouds (Matsuura et al., 2014; Sloan et al., 2014), and are part of a variety of
different C-rich dust emission features observed only in such sources. It was also observed by
Matsuura et al. (2014) that Class D emission was often detected alongside the 21 µm emission
feature, though this has not been detected in any of the PNe in the Galactic halo sample.
K648 also shows a separate 8.6 µm feature, potentially indicating the presence of C–H
in-plane bends. The lack of this feature in GJJC-1 is expected due to its hydrogen-deficient
composition.
The 11.2 and 12.7 µm PAH emission features are shown in Figure 5.3. No C-rich dust
features are observed in GJJC-1 at these wavelengths. The 11.2 µm features are clearly
observed in BoBn-1 and H4-1, whereas the line at ∼ 11.3 µm in K648 is the H I 9–7
recombination line. The 12.7 µm PAH feature is observed in both BoBn-1 and H4-1, though
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Fig. 5.3 The 11–13 µm continuum-subtracted spectra of the Galactic halo PN sample showing
C-rich dust emission. The 10.5 µm [S IV] emission line has been masked in each of these
spectra.
it is weak in both PNe. In K648, there is a broad feature in the wavelength range ∼ 10.0–
12.9 µm, centred at ∼ 11.7 µm, which resembles SiC emission.
The intensities and peak wavelengths of the C-rich features are shown in Table 5.7,
alongside the associated PAH classes. The PAH emission in the Galactic halo PN sample
is primarily of Class B or D for the 6–9 µm region. The Class D emission, in particular, is
relatively rare and may only be detected in sources of lower metallicity.
As mentioned previously, an inevitable sample bias towards C-rich sources means that the
dust composition observed in this sample is not representative of all PNe in the Galactic halo.
This has been considered in the following discussion.
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5.5 Discussion
5.5.1 Comparisons with other Galactic PNe
The Galactic halo and anti-centre regions both exhibit a lower metallicity than that of the solar
neighbourhood. Figure 5.4 shows the abundances of five halo PNe (GJJC-1 not included)
compared to those from elsewhere in the Galaxy, using data from Pottasch and Bernard-Salas
(2006) and Chapter 3. The three PNe for which the abundances are known with C/O > 1
(K648, BoBn-1 and H4-1) all have relatively low sulphur and argon abundances. This was
also noticed by Torres-Peimbert et al. (1990), who noted that K648, BoBn-1 and H4-1 were
all argon-deficient. Indeed, all of the argon observed in PNe would have been present within
their original molecular clouds, originating from the outbursts of heavier evolved stars (e.g.
supernovae). Conversely, the two sources with C/O < 1 (PRMG-1 and DdDm-1) both show
neon, sulphur and argon abundances comparative to those of the anti-centre and, in some
cases, the solar neighbourhood.
Despite low sulphur and argon abundances, both K648 and BoBn-1 show relatively high
neon abundances, matching those of PNe from the Galactic anti-centre and even the solar
neighbourhood. This suggests that neon is formed in these stars (Milingo et al., 2010). This
occurs through the following reaction mechanism (Karakas and Lattanzio, 2003; Marigo et al.,
2003):
14N + 4He −→ 18F + γ
18F + β+ −→ 18O + ν
18O + 4He −→ 22Ne + γ
(5.2)
There is typically a direct correlation between the abundances of neon and oxygen in PNe
from the Milky Way and M31, and the Ne/O ratios by mass are expected to be relatively
constant at ∼ 0.20 ± 0.05 (e.g. Karakas and Lattanzio 2003; Wang and Liu 2008). The Ne/O
abundance ratios for the PNe in this sample are given in Table 5.4, which show no agreement
with one another. This may be a result of neon enrichment occurring in stars with masses
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Fig. 5.4 Plots comparing the neon, sulphur and argon abundances in the anti-centre (grey) and
solar neighbourhood (black, data from Pottasch and Bernard-Salas (2006)) with those from
the Galactic halo (white squares).
between 2 and 4 M⊙ due to an enhanced production of 22Ne (Karakas and Lattanzio, 2003),
or the oxygen abundances decreasing as an effect of the second dredge-up and hot-bottom
burning processes (for stars with an initial mass of ∼ 4–8 M⊙). However, there are many
anomalies to this in our sample, as shown in Table 5.4. For instance, large Ne/O ratios are
observed in BoBn-1 (Henry et al., 2004) and GJJC-1 (Borkowski and Harrington, 1991).
This may also be due to oxygen-deficiency; the Galactic halo contains two of the most
oxygen-deficient PNe, K648 and PNG 135.9+55.9 (Tovmassian et al., 2001). The low Ne/O
ratio observed in H4-1 (see also Henry et al. 1996; Otsuka et al. 2003) originates from a
combination of a low neon abundance and a relatively large oxygen abundance (see also Henry
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et al. 2004). Whether these anomalies are due to the enhancement or suppression of either
element, the variation in these abundance ratios challenges current nucleosynthesis theories.
5.5.2 The Sagittarius stream
In the Galactic halo, most of the PNe are O-rich; of the∼ 14 known Galactic halo PNe, the four
C-rich sources in this sample and PNG 135.9+55.9 are the only known C-rich PNe. However,
studies of the gas and dust in PNe from the Galactic disk and Magellanic Clouds have shown
that metal-poor sources are more likely to be C-rich, due to the increased efficiency of the
third dredge-up mixing process. In these cases, the stars have masses≳ 1.5 M⊙ and are within
the age range of 0.5–5 Gyr (e.g. Marigo et al. 2008). DdDm-1 and PRMG-1 are both O-rich,
which may suggest that the masses of their progenitors were too low for the third dredge-up
to take place efficiently (e.g. Howard et al. 1997), or simply that they were formed in the
Galactic halo.
The C-rich stars in the sample may not have formed or evolved in the Galactic halo;
indeed, they may not have originated from the Galaxy at all. The Milky Way is close enough
to the Sagittarius dwarf spheroidal galaxy (Ibata et al., 1994) and the Magellanic Clouds
to tidally strip some of their galactic material to form sub-structure in the Galactic halo.
The Sagittarius stream (Ibata et al., 2001) consists solely of stars, whereas the Magellanic
stream (Mathewson et al., 1974; Wannier and Wrixon, 1972) is primarily a source of H I
emission (e.g. Nidever et al. 2010). This is because the Milky Way is closer to the Sagit-
tarius galaxy (26.3 ± 1.8 kpc, Monaco et al. 2004a) than it is to the Magellanic Clouds
(50.0 ± 1.1 kpc for the LMC (Pietrzyn´ski et al., 2013), 62.1 ± 1.9 kpc for the SMC (Graczyk
et al., 2014)).
In order to determine whether the PNe in the sample originated from the Sagittarius galaxy,
their location and radial velocity must be similar to that of the stream (Ibata et al., 2001). For
instance, BoBn-1 is likely to have been a part of Sagittarius (Zijlstra et al., 2006) as its velocity
is similar to those of the comoving stars in the tail at this location, ∼ +140–170 km s−1
(Ibata et al., 1994). Figure 5.5 shows the location of the Sagittarius stream with relation to
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Fig. 5.5 Aitoff projection of the sky, showing the Sagittarius Dwarf Spheroidal Galaxy stream
(dashed line) with a series of carbon stars from the halo (Mauron et al., 2004, 2007, 2005;
Totten and Irwin, 1998) as open circles, those of Lagadec et al. (2010) as filled symbols.
Thick lines represent b = +30◦ (line approaching the North Celestial Pole) and b = −30◦
(approaching the South Celestial Pole). The Magellanic stream roughly follows the b = −30◦
line around the SCP (Mathewson et al., 1974; Nidever et al., 2010). The PNe in this sample
are shown as grey crosses. Figure amended from Lagadec et al. (2010).
the six halo PNe in the sample and a selection of carbon stars from other studies. Aside from
BoBn-1, the PNe GJJC-1, PRMG-1 and H4-1 are all located close to the stream. GJJC-1 and
its globular cluster, M22, have a velocity of ∼ −140 km s−1 and are located in an area where
the stream reaches velocities of ∼ −150–200 km s−1. However, its association with the GC
M22 rules out any association with the stream as M22 is not located within the Sagittarius
dwarf spheroidal galaxy. Walsh et al. (1997) suggested that PRMG-1 may be a member of the
Sagittarius galaxy, though Zijlstra et al. (2006) suggests that it is not a member of the stream
as its velocity is ∼ 20 km s−1 whereas the stream velocity is ∼ 100 km s−1 at that location.
However, Ibata et al. (2001) and Helmi and White (2001) show that the velocity of the stream
around that area may be closer to ∼ 0–50 km s−1, hence PRMG-1 may potentially originate
from Sagittarius. H4-1 is slightly faster than the progression of the Sagittarius stream, in
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accordance with Ibata et al. (2001), which shows stream velocities of ∼ −50–100 km s−1 at
that location. Hence, it is doubtful that H4-1 is a member of Sagittarius.
Sources of C-rich chemistry in the Galactic halo are typically located closer to the
Sagittarius stream. This may be a result of a younger stellar population from the Sagittarius
galaxy being stripped away. This makes sense in the context of a minimum mass requirement
for the third dredge-up; the metal-poor nature of the halo could not have provided enough
material to form stars of sufficiently high mass to undergo this mixing process. However,
an origin in the Sagittarius galaxy may suggest that the PNe are of a younger age, and a
different chemical composition to that which would typically be observed from the Galactic
halo. H4-1 is the only C-rich PN in this sample not associated with either a globular cluster or
the Sagittarius stream, hence its origin will require further investigation.
Any links to be made between metallicity and association with the Sagittarius stream are
tenuous; the stream experiences its own metallicity gradient (Chou et al., 2007; Martínez-
Delgado et al., 2004), despite sources from the galactic disk of Sagittarius exhibiting metallic-
ities as high as ∼ Z⊙ (e.g. Siegel et al. 2007).
5.5.3 Shocks and dust destruction
The featureless spectrum of PRMG-1 may have resulted from the destruction of dust grains,
by dissociation from UV radiation or by shocks. Within the wavelength range of Spitzer IRS
there is a rise in the overall continuum of this PN, suggesting that dust grains are present.
Shocks are formed when PN outflows of predominantly neutral (or low-ionisation) material
interact with the lower density ISM. For instance, Figure 5.6 shows photometric data from
the Very Large Telescope (VLT) run by ESO (program ID 60.A-9203), in which strong [O II]
and [O III] emission have been observed around GJJC-1. The source itself is shown in black,
as the stellar image has been subtracted. From these images, the [O II] emission is seen in
an approximate SSE direction from the star, which follows the direction of proper motion
for the M22 Galactic cluster (see Table 5.1). Most of the PNe in this sample exhibit shocks:
GJJC-1 (see also Muthumariappan et al. 2013), K648 (Guerrero et al., 2013), BoBn-1 and
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Fig. 5.6 ESO VLT photometric data of GJJC-1 through [O II] (left) and [O III] (right) filters.
The stellar image has been subtracted from the background image by A. Zijlstra. Screenshots
from SAOImage DS9.
PRMG-1 (Schönberner et al., 2014) and H4-1 (Tajitsu and Otsuka, 2004). Although DdDm-1
has a dual-lobe structure (Henry et al., 2008), no clear shocks have been observed in this PN.
Shocks with velocities of ∼ 50 km s−1 can destroy dust grains (Draine, 1995), though
this is partly dependent on the dust composition. For instance, Micelotta et al. (2010) found
that PAHs with ∼ 50 carbon atoms are completely destroyed in shocks with velocities of
100 km s−1, whereas PAHs with ∼ 200 carbon atoms are destroyed at shock velocities of
⩾ 125 km s−1. Bow shocks from PNe can reach these speeds relatively easily (e.g. Meaburn
et al. 2013). Accounting for these shock velocities, C-rich dust has an expected lifetime of
few × 107 years, whereas silicates are able to survive these faster shocks and last closer to
108 years (Bocchio et al., 2014). However, models have shown that amorphous carbon may
have a similar lifetime to silicate grains (e.g. Jones et al. 1996). In any case, a large amount of
information is required to accurately model this, such as the populations of C-rich and O-rich
grains in a particular environment, or the rates at which these grains are destroyed (Jones and
Nuth, 2011).
Regarding the relative O-rich dust composition of most PNe in the Galactic halo, it may
be possible that the sources are old enough that the PAH molecules have been destroyed,
whereas amorphous carbon is still present. Despite all of the C-rich PNe in this sample
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originating from either the tidal tail of Sagittarius or a globular cluster, it may be possible that
more C-rich PNe would have been located in the Galactic halo, but the PAH molecules have
been destroyed over 107–108 years. Of course, this is somewhat speculative. The amount of
carbonaceous dust observed from an evolved low- to intermediate-mass star depends mainly
on the efficiency of the third dredge-up, which is unlikely to be efficient enough to make
the composition of an AGB star C-rich if its mass is too low. This is more likely to have an
overall impact on the chemical composition of halo PNe than the destruction of these grains
by shocks. It is also more likely for dust to be destroyed by UV radiation (Hollenbach and
Tielens, 1999), which is particularly significant in the dissociation of molecules from within
GCs (McDonald et al., 2015).
5.6 Summary
A sample of six PNe from the Galactic halo were observed with Spitzer IRS in order to
determine their dust compositions and abundances of neon, sulphur and argon. The origins of
these PNe were also discussed with relation to their coordinates and radial velocities.
A relationship between the abundances and dust composition was observed; three of the
four C-rich PNe (K648, BoBn-1 and H4-1) exhibited low sulphur and argon abundances.
K648 and BoBn-1 showed higher neon abundances, similar to those of PNe in the Galactic
anti-centre and Magellanic Clouds, whereas the neon abundance of H4-1 was at a similarly
low level to its sulphur and argon abundances. The two O-rich sources (DdDm-1 and PRMG-
1) exhibited similar abundances of all three elements, and all were similar to those observed
from Galactic anti-centre PNe.
With the exception of PRMG-1, all of the PNe in the sample show C-rich or O-rich dust
emission features. DdDm-1 shows amorphous silicate emission whereas the four C-rich
sources show PAH emission (typically of Class B or D), and K648 also shows silicon carbide.
It is noted that this is not expected of Galactic halo PNe, which are predominantly O-rich.
The origins of the PNe are discussed; BoBn-1 is known to originate from the Sagittarius
dwarf spheroidal galaxy, of which its tidal tail produces sub-structure within the Galactic halo.
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Based on its velocity and location, PRMG-1 is proposed as another PN that has originated
from Sagittarius, despite Zijlstra et al. (2006) discounting it for these reasons. H4-1 is the
only C-rich PN in the sample to not originate from Sagittarius or a globular cluster, and hence
would make an interesting target for further investigation.
Following the previous chapters, which have shown that the production of C-rich dust is
favoured in AGB stars of lower metallicity, the O-rich preference of the Galactic halo is most
likely explained by the mass and age requirements for the third dredge-up to efficiently take
place.
So far, the abundances and dust compositions in Galactic PNe at sub-solar metallicity
have been analysed. This has shown that the observed dust emission is primarily C-rich
in these sources, on the assumption that the metallicity is still high enough for there to be
sufficient mass to carry out the third dredge-up efficiently. Hence, the first key question of
this thesis, regarding the influence of metallicity on dust composition, has been answered. In
the next chapter, the question regarding the chemical diversity of large organic molecules in
circumstellar environments is addressed by using IFU spectroscopy from SOFIA FIFI-LS to
investigate the PDRs of PNe with fullerene emission.
Chapter 6
Investigating the astrophysical
environments of fullerene emission
around PNe
The work presented in this chapter is currently being written as a paper to be submitted to The
Astrophysical Journal by G. J. S. Pagomenos and J. Bernard-Salas (Open University, UK),
J. Cami and E. Peeters (University of Western Ontario, Canada and SETI Institute, USA),
F. Kemper (ASIAA, Taiwan), A. A. Zijlstra (University of Manchester, UK), R. Klein and
W. D. Vacca (SOFIA-USRA, USA).
6.1 Introduction
Fullerenes are spheroidal molecules consisting of only carbon atoms. They were first discov-
ered by Kroto et al. (1985) from experiments aimed at understanding the processes regarding
the formation of aliphatic carbonaceous molecules in space; the buckminsterfullerene (C60)
molecule was formed from the vaporisation of graphite. Upon its discovery, Kroto’s team
suggested that fullerenes may be stable enough to survive the harsh conditions of the Universe.
However, after 25 years of searching for these molecules, the first confirmed detections of
C60 and C70 were from the young Galactic PN Tc 1 by Cami et al. (2010).
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Since then, fullerenes have also been detected in several different stellar environments,
such as reflection nebulae (e.g. Peeters et al. 2017; Sellgren et al. 2010), young stellar
objects (e.g. Roberts et al. 2012), and other evolved stars in the Milky Way and Magellanic
Clouds (e.g. García-Hernández et al. 2011, 2010; Sloan et al. 2014). However, despite the
numerous sources in which fullerenes have been seen, detections of these molecules have been
relatively rare. Features attributed to the buckminsterfullerene cation, C+60, were technically
first detected in the interstellar medium by Foing and Ehrenfreund (1994), though Campbell
et al. (2015) were the first to unequivocally confirm these features as carriers of two of the
diffuse interstellar bands (DIBs), providing an approach to answering one of the biggest
mysteries in astronomy over the past hundred years (Heger, 1922) whilst also proving the
existence of fullerenes in the ISM (e.g. Cordiner et al. 2017; Galazutdinov and Krełowski
2017; Galazutdinov et al. 2017; Lallement et al. 2018; Spieler et al. 2017; Walker et al. 2015,
2017). This also suggests that fullerenes are more widespread throughout the Universe than
originally expected, despite their rarity.
Fullerenes are the largest molecules that have been identified in space, and hence under-
standing their formation mechanisms will help in determining the methods by which complex
organic molecules form in astronomical environments. Some of the proposed chemical path-
ways for their formation include the bottom-up process of closed network growth, in which a
small PAH or fullerene molecule grows with the addition of atomic carbon and C2 (Dunk et al.,
2012a,b), and the top-down photo-processing of PAHs (Berné et al., 2015; Berné and Tielens,
2012), in which the hydrogen atoms are removed from a PAH molecule by UV irradiation,
resulting in the bonded structure of carbon atoms curving in on itself to form a fullerene
molecule (see Chapter 1). From a study of the reflection nebula NGC 7023, Berné and Tielens
(2012) showed that a greater fraction of the carbon closer to the illuminating star (HD 200775)
took the form of C60, though this decreased with distance from the star. Conversely, the
fraction of carbon in PAHs increased with distance from the star. Hence, photo-processing of
PAHs from stellar UV radiation may be a legitimate route to astronomical fullerene formation.
Zhen et al. (2014) have also confirmed that this can happen in a laboratory environment.
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However, there still remains a missing link between their potential formation mechanisms
and the astrophysical environments in which they form.
For the young, well-studied PN Tc 1, the C60 emission is extended by ∼ 5′′ from the
central star (Bernard-Salas et al., 2012). Indeed, mid-IR photometric data from the Thermal
Region Camera Spectrograph (T-ReCS) of the Gemini telescope have shown that this emission
comes from a ring structure at this radius around the central star (Cami et al., in prep). Tc 1
has a radius of ∼ 5–6′′ (e.g. Acker et al. 1992; Pottasch et al. 2011; Tylenda et al. 2003), and
hence these are observed near the edge of the region of ionised emission. This means that the
observed C60 emission may originate from the surrounding photodissociation region (PDR).
PDRs are areas of neutral material in which the heating is dominated by far-UV photons, and
the main cooling mechanism is the emission of far-IR photons, particularly those of [O I] at 63
and 146 µm, and [C II] at 158 µm, as well as emission from CO and H2 molecules (Tielens
and Hollenbach, 1985). The emission of these cooling lines infer the physical conditions
occurring in the PDR, and so by studying these lines in a sample of PNe that are known to
show emission from fullerenes, the environments in which these molecules inhabit can be
probed, leading to a better understanding of their potential formation and evolution routes.
In this chapter, the PDRs of a sample of four fullerene-containing Galactic PNe (M1-6,
M1-11, M1-12 and IC 2501) are investigated from SOFIA FIFI-LS observations of the cooling
line emission, namely the [O I] 146 µm and [C II] 158 µm emission lines. The [O III] 52 µm
lines are also analysed, which represent the ionised regions of these PNe. This study is the
first to analyse the PDRs around fullerene-containing PNe using spatial maps and spectra
from integral field unit (IFU) data.
This chapter is organised as follows: in § 6.2, the methods of handling the SOFIA data are
outlined. In § 6.3, the data for each of the four PNe are analysed. In § 6.4, the intensities of
the PDR emission lines are compared to those predicted by PDR models. The discussion and
conclusions are shown in § 6.5.
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6.2 Data acquisition and handling
The SOFIA FIFI-LS data were obtained between February and July 2016 as part of program
ID 04_0162 (PI: J. Cami). The data were processed and reduced following the standard
pipeline, as described in Chapter 2. The PDRs of the PNe M1-6, M1-11, M1-12 and IC 2501
are analysed through IFU spectroscopy for the first time, and the main physical conditions
in these sources are shown in Table 6.1. The other Galactic fullerene-containing PNe either
have existing data from ISO LWS or Herschel PACS (IC 418 and Tc 1), are too faint to be
detected (M1-9, M1-20, SaSt2-3) or are due to be observed in Cycle 6 of SOFIA observations
(Hen 2-68 and K3-62) using both FIFI-LS and the HAWC+ camera (PI: J. Cami).
Figure 6.1 shows images of these sources, as observed at optical wavelengths with the
Wide Field and Planetary Camera 2 (WFPC2) for M1-6, M1-11 and M1-12, and at mid-IR
wavelengths with Gemini TReC-S for IC 2501. All of these PNe have physical diameters of
2–4′′ at these wavelengths, which fits within one pixel of both the blue (6′′ × 6′′ per pixel)
and red (12′′ × 12′′ per pixel) channels of FIFI-LS. These two channels respectively cover
the wavelength ranges 51–120 µm and 115–203 µm, allowing for detections of the [O I]
at 146 µm, [C II] at 158 µm, and [O III] at 52 and 88 µm. While the [O I] 63 µm line is
theoreticaly observable from SOFIA FIFI-LS, its wavelength coincides with atmospheric
water contamination, and hence the corresponding data points are removed in the reduction
pipeline.
6.3 Analysis
The SOFIA FIFI-LS data of the [O I] 146 µm, [C II] 158 µm, [O III] 52 and 88 µm lines were
analysed with the FLUXER1 program, version 2.69. The full methods of data analysis with
FLUXER are explained in Chapter 2, but to summarise: a pixel from the IFU spectrum for
each data cube was selected, and upper and lower wavelength bounds were specified for the
measured lines and continuum regions. These were applied to the spectra in all pixels, from
1IDL routine created by Christoph Iserlohe, available from http://www.ciserlohe.de/fluxer/fluxer.html .
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Fig. 6.1 Photometric images of the four fullerene-containing PNe from the Hubble Space
Telescope (R-band) and Gemini T-ReCS (mid-IR). Figure reproduced from Otsuka et al.
(2014); the green rectangle represents the size and position of the SH module of Spitzer IRS
from their observations.
which spatial maps could be produced by adding the flux within the specified wavelength
range for each pixel.
The beam sizes for the [O I] 146 µm, [C II] 158 µm and [O III] 52 µm lines were
respectively around 14.7′′, 15.9′′ and 5.2′′. This is in accordance with the angular resolution
of the telescope at these wavelengths (see equation 2.12). The largest angular size of a PN in
this sample is ∼ 4′′, and hence all of the sources are detected in their entirety.
The intensity and velocity maps of the observed emission lines from around the fullerene-
containing PNe are analysed below.
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6.3.1 Intensity maps
The emission line intensities were obtained by adding together the total flux between the
specified wavelength range for each pixel within a ring, and applying the extinction corrections
of Fluks et al. (1994) (these are particularly small at far-IR wavelengths). The parameters of
these fitted rings are shown in Table 6.2, along with the intensity values of the emission lines.
The beam sizes are shown on these figures for each line, and in all cases the line emission is
more extended than the beam.
The maps for each PN are shown in Figures 6.2 to 6.5. Uncertainties in intensity values
are estimated to be ∼ 10–20% in each case, in order to balance the non-circular morphologies
of these sources measured within the applied rings with the minimisation of flux loss in the
outer pixels. The 52 µm [O III] emission line was not observed in M1-11 and M1-12. Pixels
are masked if they provide flux values less than zero, or are clearly not a part of the main
PN. In some cases, there are other emission sources that are observed within the IFU spectral
map, hence these have also been masked. These figures show that there is a general change
in morphology between the two cooling lines ([O I] and [C II]) in all sources except M1-11.
This may reflect the greater flux emission from this source (e.g. the C60 flux in Table 6.1), but
this may also be affected by a variety of signal-to-noise ratios in some of the pixels in a given
Table 6.2 Ring parameters applied to measure intensities for each of the atomic lines of
interest. Intensity values are given in units of 10−16 W m−2; ring radii are given in pixels.
PN Line Central pixel Ring radius Intensity
M1-6
[O I] 146 µm 18,16 6 1.03
[C II] 158 µm 14,15 7 2.93
[O III] 52 µm 18,20 9 38.4
M1-11
[O I] 146 µm 12,15 9 6.59
[C II] 158 µm 12,15 9 15.2
M1-12
[O I] 146 µm 16,16 7 0.934
[C II] 158 µm 13,14 6 2.53
IC 2501
[O I] 146 µm 16,12 7 9.54
[C II] 158 µm 12,13 9 5.82
[O III] 52 µm 16,17 9 305
[O III] 88 µm 16,17 9 50.8
6.3 Analysis 157
Fig. 6.2 The [O I] 146 µm, [C II] 158 µm and [O III] 52 µm intensity maps of M1-6. The
circles indicate the beam sizes at each wavelength.
Fig. 6.3 The [O I] 146 µm and [C II] 158 µm intensity maps of M1-11. The circles indicate
the beam sizes at each wavelength.
Fig. 6.4 The [O I] 146 µm and [C II] 158 µm intensity maps of M1-12. The circles indicate
the beam sizes at each wavelength.
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Fig. 6.5 The [O I] 146 µm, [C II] 158 µm, [O III] 52 µm and [O III] 88 µm intensity maps of
IC 2501. The circles indicate the beam sizes at each wavelength.
IFU map. For IC 2501, the two observed [O III] emission lines at 52 and 88 µm show almost
identical morphologies, as expected.
Figure 6.6 shows all of the observed emission lines for each source plotted over each other.
Again, the centres of emission for the [O I] and [C II] lines in M1-11 overlap well. The peak
of the [O III] emission is close to those for the cooling emission lines in M1-6 and IC 2501,
suggesting that the emission from the PDRs is close to that from the ionised region of these
PNe.
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Fig. 6.6 Spatial maps of the [C II] 158 µm emission in the four fullerene-containing PNe, with
[O I] 146 µm and [O III] 52 µm emission superimposed. Flux values are given in Janskys.
Contours represent 50, 60, 70, 80 and 90% of the maximum detected flux in each case.
6.3.2 Line intensity offsets
Figure 6.6 also shows that there are notable offsets between the central positions of the
[O I] 146 µm and [C II] 158 µm emission lines for all sources except M1-11; [O I] is typically
centred around 4–5 pixels to the west (right) of [C II].
Due to the systematic nature of the offsets between the two cooling lines, there is some
doubt as to whether or not they are real. If they are real, they are most likely an effect of the
different critical densities between the two lines (see § 6.4.3), but may also result from shocks
or outflows.
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I have contacted the SOFIA team for clarification. It emerged that this was a non-trivial
issue. After several months of analysis from their end, they suggested that these offsets may
arise from relatively low signal-to-noise in the [O I] 146 µm line data. They also detected
offsets between the [O I] 63 (pre-reduction) and 146 µm lines, respectively observed through
the blue and red channels of FIFI-LS, inferring that these channels may have been misaligned.
No definitive answer has yet been given from the SOFIA team regarding these offsets,
so for the rest of this chapter I will be ignoring the spatial offsets and treating them as
instrumental artefacts.
6.3.3 Line velocities
Velocity maps for each of the PNe in the sample were obtained in FLUXER by specifying a
wavelength range for the peak emission flux and measuring deviations from the wavelengths
of the observed lines in a vacuum (λvac) using the Doppler redshift equation:
v
c
=
λobs−λvac
λvac
(6.1)
where λobs is the observed wavelength and λvac = 145.53, 157.74, 51.81 and 88.36 µm for
the [O I], [C II], and two [O III] lines respectively. The velocity maps for each of these lines
are shown in Figures 6.7 to 6.10.
The [O III] emission in M1-6 and IC 2501 shows velocity gradients, as observed in
Figures 6.11 and 6.12. The variations in velocity within these two PNe suggest rotation of
the ionised regions, with differences of ∼ 150 km s−1 between the two highlighted pixels
in each case. From Figures 6.9 and 6.10, it also appears that the [C II] 158 µm lines are
rotating, though these are less convicing due to relatively high noise in the continua of many
of these pixels. Also, the profiles of the lines vary between pixels, unlike those in Figure 6.12,
implying that these profiles are not representative of the [C II] emission line. In this sample,
the rotation of the [O III] 52 µm lines in M1-6 and IC 2501 suggests a discontinuity between
the PDR and ionised regions of the PNe. This may also indicate the presence of outflows (see
§ 6.5).
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Fig. 6.7 The [O I] 146 µm, [C II] 158 µm and [O III] 52 µm velocity maps of M1-6, as
measured by SOFIA FIFI-LS, with units of km s−1.
Fig. 6.8 The [O I] 146 µm and [C II] 158 µm velocity maps of M1-11, as measured by SOFIA
FIFI-LS, with units of km s−1.
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Fig. 6.9 The [O I] 146 µm and [C II] 158 µm velocity maps of M1-12, as measured by SOFIA
FIFI-LS, with units of km s−1.
Fig. 6.10 The [O I] 146 µm, [C II] 158 µm, [O III] 52 µm and [O III] 88 µm velocity maps of
IC 2501, as measured by SOFIA FIFI-LS, with units of km s−1.
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Fig. 6.11 Full spatial maps of the [O III] 52 µm emission in M1-6 (top) and IC 2501 (bottom),
in terms of flux (left) and central wavelength (right). Pixels ‘a’ and ‘b’ have been highlighted
for use in Figure 6.12.
Fig. 6.12 Continuum-subtracted velocity spectra from pixels ‘a’ (black) and ‘b’ (grey) from
Figure 6.11. The red and blue lines show the average velocities of the [O III]52 µm lines from
the two respective spectra. A velocity of 0 km s−1 represents the λvac = 51.81 µm in each
case.
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6.4 PDR modelling
A PDR model will now be applied to the observed cooling line intensities around fullerene-
containing PNe, in order to derive the densities and radiation fields of these regions. PDR
models consider aspects such as the chemical abundances, heating and cooling, and radiation
transport processes occurring within these regions. Given certain physical conditions, such as
the hydrogen density (nH) and the Habing flux (G0), i.e. the total UV flux between the Lyman
limit (912 Å) and 2400 Å, normalised to the average interstellar radiation field (Habing, 1968),
the intensities of certain lines within the PDR can be predicted. However, the main interest of
this work is to determine the physical conditions of these fullerene-containing PNe. Hence, in
a similar way to Bernard-Salas and Tielens (2005), values of G0 and nH will be obtained from
observational line intensities.
This section explains the purposes of the models used and the inputs required for them to
work, before analysing the predictions for the physical conditions of the PDRs around the
fullerene-containing PNe.
6.4.1 Model description
This work uses the PDR model of W. Latter, as published in Fong et al. (2001), which was
the first model of circumstellar C-rich PDRs around evolved stars (particularly AGB stars,
proto-PNe and PNe). To emphasise the main differences between this PDR model for evolved
stars and other models for interstellar sources, the initial abundances considered by the PDR
model for C-rich evolved stars are shown alongside those of the model for interstellar O-rich
PDRs around molecular clouds by Kaufman et al. (1999) in Table 6.3. In particular, the initial
carbon abundance is an order of magnitude greater in the C-rich model than that of the O-rich
model, and the C/O abundance ratios are ∼ 3.0 and 0.5 for the evolved star and molecular
cloud models, respectively. An equivalent PDR model for O-rich evolved stars was published
alongside this model (Castro-Carrizo et al., 2001), though we do not consider it here since the
sample only contains C-rich sources.
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Table 6.3 Comparison of the main parameters of the PDR model for evolved stars by W.
Latter (Fong et al., 2001) and the PDR model for molecular clouds by Kaufman et al. (1999).
Parameter Evolved star model Molecular cloud model
Carbon abundance 1.5 × 10−3 1.4 × 10−4
Oxygen abundance 5.0 × 10−4 3.0 × 10−4
Sulphur abundance 7.9 × 10−6 2.8 × 10−5
Silicon abundance 3.5 × 10−6 1.7 × 10−6
Magnesium abundance 1.3 × 10−6 1.1 × 10−6
PAH abundance (nPAH / nH) 1 × 10−7 4 × 10−7
Turbulent Doppler velocity (km s−1) 0.75 1.5
Gas density range (cm−3) 102–106 101–107
Unlike most existing models at the time, which considered PDRs in interstellar environ-
ments (e.g. Black and Dalgarno 1977; Kaufman et al. 1999; Tielens and Hollenbach 1985)
and were primarily O-rich, the C-rich model considers the chemistry of a greater range of car-
bonaceous molecules, such as C2, C2H2 and ionised PAHs. The gas temperatures are around
three times greater than those of oxygen-rich models, due to the photoelectric heating from
large PAH molecules (Bakes and Tielens, 1994; Kaufman et al., 1999). Another condition of
this model is that the carbon abundance is always greater than that of oxygen. The carbon and
oxygen in the modelled PDRs are primarily in the C+ and O0 (i.e. neutrally charged oxygen)
states, respectively; most of the oxygen reacts with C+ to form CO, whereas much of the
carbon recombines to form C0.
6.4.2 Inputs
The network of chemical reactions used in this C-rich model includes 1270 reactions between
94 different chemical species, and includes both charged (positive and negative) and neutral
PAH molecules.
Estimates of the PDR density around the fullerene-containing PNe require both line
intensities (see § 6.3) and the Habing flux. This works under the assumption that all of the
UV light has been absorbed and re-emitted at IR wavelengths from the PDR. The Habing flux
is calculated by:
166 Investigating the astrophysical environments of fullerene emission around PNe
G0 =
4 FIR
1.6 × 10−6×2.35 × 10−11×d2 (6.2)
where FIR is the total far-IR flux of the source, 1.6 × 10−6 W m−2 is the average flux of the
interstellar radiation field, 2.35 × 10−11 arcsec−2 is equal to an inverse steradian, and d is
the diameter of the PN in arcseconds (Bernard-Salas and Tielens, 2005). Note that for M1-6,
M1-11 and M1-12, the PN diameters used for these predictions may add extra uncertainties,
given that the applied values were calculated from photometry at optical wavelengths.
The FIR values of M1-6, M1-11 and M1-12 calculated by Otsuka et al. (2014) have been
applied in this work for consistency. These values were obtained by integrating under the
spectrum in the wavelength range 5–200 µm, assisted by the use of photometric data points.
However, no FIR value was given for IC 2501 due to the lack of spectroscopic data from
Spitzer IRS (only SH data are available). Few photometric data points are available from
sources such as IRAS and AKARI, and as there are no data points around 30–50 µm it is
difficult to determine the peak of the spectral energy distribution (SED). Hence, a range of G0
values encompassing those of the other three PNe is assumed for IC 2501 in the following
model predictions, in order to account for the large uncertainties.
6.4.3 Analysis of model outputs
Here, PDR model predictions are compared to observations through two different methods.
The first method considers the [C II] / [O I] line intensity ratio, compared to the sum of the two
intensity values divided by FIR. The former quantity is a metric for the PDR density due to the
different critical densities of the two lines (i.e. the densities above which the main source of
emission changes from spontaneous radiative transitions to collisional de-excitations), which
are respectively∼ 1× 105 cm−3 and∼ 3× 103 cm−3 for the [O I] 146 µm and [C II] 158 µm
lines (e.g. Hollenbach and Tielens 1999; Malhotra et al. 2001; Stacey et al. 2010). The latter
quantity represents the ratio of main cooling processes against the total infrared emission
from around the PN. These lead to estimates for both G0 and nH. These comparisons are
displayed in Figure 6.13. With the exception of IC 2501, for which the [C II] / [O I] ratio
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Fig. 6.13 Plot of the [C II] 158 µm / [O I] 146 µm line flux ratio against the sum of these two
lines divided by the far-IR flux, compared to the PDR model of Fong et al. (2001).
was too low for the bounds of the model, the other three fullerene-containing PNe show very
similar predictions for both density and G0.
The second method takes advantage of the line intensities increasing with G0 in order
to estimate the PDR density. Figure 6.14 shows the intensities of the [O I] 146 µm and
[C II] 158 µm lines compared to the G0 values calculated from equation (6.2). The two
examined lines originate from the PDR and are hence expected to show similar densities.
The results from both methods of applying the model are shown in Table 6.4. Both
methods of interpreting the PDR model predictions show reasonable agreement for the density
of M1-11, for which log(nH/cm−3) ∼ 3.8–4.0, whereas for M1-6 and M1-12 there are larger
disagreements. For the two I vs. G0 plots, there is good agreement between the two predicted
densities in M1-11 and reasonable agreement in M1-12, though there is little agreement
between those in IC 2501. This may be a result of the high intensities obtained from M1-11,
and the somewhat unusual [C II] 158 µm / [O I] 146 µm ratio in IC 2501.
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Fig. 6.14 Comparison of the [O I] 146 µm and [C II] 158 µm line flux values with the C-rich
PDR model by W. Latter (Fong et al., 2001). Key: a = M1-6; b = M1-11; c = M1-12;
d = IC 2501.
Table 6.4 The far-IR flux values of M1-6, M1-11 and M1-12 as given in Otsuka et al. (2014),
the G0 values calculated from these quantities, and model predictions of nH and G0 from
Fong et al. (2001), as shown in Figures 6.13 and 6.14.
log(FIR) log(G0) Grid model I vs. G0: log(nH)
PN (W m−2) (*) log(nH) log(G0) [O I] 146 µm [C II] 158 µm
M1-6 −11.73(1) 4.083 3.3 4.8 2.3 <2
M1-11 −11.01(1) 5.412 3.8 5.0 3.9 4.0
M1-12 −11.74(1) 4.680 3.7 5.0 2.8 2.3
IC 2501 ... ... ... ... 3.2–3.6 <2
Notes: (1) Otsuka et al. (2014). * G0 given in units of 1.6× 10−6 W m−2. Logarithmic values
have uncertainties of ± 0.2.
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However, these methods of predicting the physical conditions are somewhat limited due
to the lack of consideration of critical densities. Hence, the [C II] emission may not be
suitable as a metric for determining the densities of PNe, and the [O I] plot in Figure 6.14
may provide more reliable predictions in this respect. The measured electron density values
of the fullerene-containing PNe in this sample are all between 102 and 104 cm−3, which is on
the lower end of those expected for PNe.
6.5 Discussion and conclusions
The main aim of this work has been to obtain IFU spectra of the PDRs around four PNe with
known C60 emission, in order to analyse the spatial morphologies of the environments in
which fullerenes form and evolve. The intensities of the [O I] 146 µm and [C II] 158 µm
lines were then used in a PDR model for C-rich evolved stars, in order to obtain the physical
conditions of the regions in which the fullerenes are located.
The peaks of the [O I] and [C II] emission lines are centred close to those of the
[O III] 52 µm emission from the ionised regions in M1-6 and IC 2501. In both cases,
this [O III] line is observed to be rotating, whereas the cooling lines are not (except potentially
for the [C II] line in IC 2501, though this particular case is likely an effect of relatively
high noise). The cooling line emission in M1-11 and M1-12 also does not rotate. Indeed,
the velocities of the cooling lines from all four sources are relatively uniform within the
direction of our line of sight, and do not appear to take the form of outflows, hence these
fullerene-containing PDRs are assumed to be quiescent.
Another key result of this chapter has come from comparing the predictions of the
PDR model with those from the sample of C-rich and O-rich PNe studied by Bernard-
Salas and Tielens (2005), the estimated hydrogen densities of the fullerene-containing PNe
typically have lower values (102 to 104 cm−3) than those predicted for the other sample
(4 × 103 to > 107 cm−3). This likely indicates that fullerene formation prefers environments
with lower hydrogen densities. On the other hand, the G0 values in this sample, ranging
from log(G0) ∼ 4.0–5.5, are relatively normal for PDRs around PNe (in accordance with the
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sample of Bernard-Salas and Tielens 2005, with log(G0) ∼ 3.3–6.9), and hence there is no
relationship between the presence of fullerenes and the local UV radiation field.
With regard to the potential formation mechanisms of fullerenes, closed network growth
scales with n2 (where n is the density; e.g. Micelotta et al. 2012), hence this is unlikely to be
a viable method of fullerene production due to the low densities observed in this sample of
PNe. The top-down photo-processing method of forming fullerenes appears more likely, as
this is dependent on the UV radiation field.
The IFU spectral maps have shown that the spatial distribution of the [O I] and [C II]
emission in the PDRs of M1-6, M1-12 and IC 2501 are not consistent with one another. This
is unexpected, as the two species represent the two strongest cooling species in these regions,
and both require weak radiation fields. The [O I] 63 µm line is expected to be much stronger,
and hence would have been a better metric for comparison. Ideally, a space telescope is
required to detect this particular line, in order to avoid the need to remove data points due to
atmospheric water corrections.
This is the first time in which PDRs around fullerene-containing PNe have been analysed
both spatially and spectroscopically in order to interpret the physical conditions required for
their formation. The eventual launch of JWST will provide access to near- and mid-IR integral
field unit spectroscopy, from which the C60 emission can be directly mapped around these
sources in the Milky Way and Magellanic Clouds. If accepted, SPICA will also be able to
take IFU spectra from space for these cooling lines, including the strong [O I] 63 µm line.
Chapter 7
Conclusions and future work
At the beginning of Chapter 1, two major questions were posed:
• How does metallicity influence dust composition?
• How diverse is the chemistry of large organic molecules in circumstellar environments?
I have addressed these questions via a series of studies investigating planetary nebulae
at low metallicity with the Spitzer Space Telescope and the Stratospheric Observatory for
Infrared Astronomy. In § 7.1, the conclusions from each of the previous science chapters are
recapped. These findings are put into context by answering the above questions in § 7.2. The
future of this research is discussed in § 7.3 and some concluding remarks are given in § 7.4.
7.1 Summary of findings
In Chapter 3, the potential continuation of the Galactic abundance gradients of neon, sulphur
and argon in the outskirts of the Milky Way, a region a priori assumed to be of low metallicity,
were investigated from a sample of 23 PNe with the Spitzer Space Telescope. The main
findings were:
• The continuations of the abundance gradients in the Galactic anti-centre were not
agreed upon in the literature. This work showed that abundance gradients continued
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Fig. 7.1 The advancement of the Galactic abundance gradient of sulphur throughout this
thesis. The plot on the left shows the knowledge of PNe within the Galactic disk before
this thesis (Pottasch and Bernard-Salas, 2006), whereas the plot on the right includes these
points (circles) alongside the anti-centre PNe investigated in Chapters 3 and 4 (squares). The
observed dust compositions of all available sources are included. Some data points on the
left are not included on the right, as their dust compositions are not obtainable due to lack of
data from Spitzer IRS and ISO SWS (particularly SWS01). The same general trends are also
observed for neon and argon.
beyond Galactocentric distances of Rg ∼ 20 kpc, although the dispersion increased with
distance, as shown in Figure 7.1.
• The metallicities in these regions reached values as low as the averages observed from
the Magellanic Clouds (∼ 1/3 and 1/6 Z⊙ for the LMC and SMC, respectively).
• The sulphur anomaly was clearly observed when comparing the optical abundances of
a sample of H II regions with the infrared abundances from the anti-centre PN sample.
This was not observed when comparing the sulphur abundances of anti-centre PNe
and H II regions that were both measured at IR wavelengths, though the H II region
abundances may have been underestimated.
In Chapter 4, the dust emission in the same sample of PNe in the sub-solar metallicity Galactic
anti-centre was analysed. The main results were:
• 78% of the PNe in the sample showed C-rich dust emission, only one of which also
showed potential O-rich dust absorption.
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• The emission of fullerenes and silicon carbide is more commonly observed towards
the Galactic anti-centre and in the Magellanic Clouds than in the solar neighbourhood
and towards the Galactic bulge, suggesting that the formation of these molecules is
favoured in environments of sub-solar metallicity.
• For nine of the PNe, the main PAH emission features in the wavelength range 7–9 µm
have been decomposed into four subcomponents. These trace the size, charge and
structure of the molecules. The intensities of the 8.2 and 8.6 µm components show a
strong positive correlation, which represents C–H bond movements indicating links
between the number of bay regions and carbon atoms in the PAH molecules. The 7.6
and 8.6 µm components are also strongly correlated, likely representing PAH molecules
with ∼ 50–110 carbon atoms and fewer bay regions.
In Chapter 5, the studies of the dust content and abundances in Galactic PNe of low metallicity
were extended to the metal-poor Galactic halo, with the following results:
• Most of the PNe in the Galactic halo are O-rich.
• All of the C-rich sources show PAH emission of Class B or D. One source shows an as
yet unclassified 6.2 µm profile, and another shows emission from both silicon carbide
and PAHs.
• Of the four C-rich sources in the sample, two originate from globular clusters and
another was tidally stripped from the Sagittarius dwarf spheroidal galaxy.
In Chapter 6, the PDRs of four Galactic planetary nebulae with known fullerene emission
were studied with SOFIA, in order to characterise the environments in which these molecules
form. Fullerenes are the largest known organic molecules, hence the investigation into their
PDRs may provide insight into how many organic species form and evolve. The findings were
as follows:
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• The intensity maps of the two observed cooling lines from the PDR (namely [O I] at
146 µm and [C II] at 158 µm) showed that the emission was extended compared to
the sizes of the sources. In three of the four PNe, the spatial morphologies of the two
emission lines were different from each other.
• The velocity maps of these lines suggested that the PDRs around these fullerene-
containing PNe are quiescent.
• A PDR model for C-rich evolved stars showed that the hydrogen densities of these PNe
are low, ranging from nH ∼ 102–104 cm−3.
7.2 Overall conclusions
7.2.1 Influence of metallicity on dust composition
The studies of the sample of PNe from the Galactic anti-centre have shown that low metallicity
favours C-rich dust production. This is because the oxygen abundances in these metal-poor
stars are lower, and hence less carbon needs to be brought to the convective envelope of
the star by the third dredge-up. An important caveat is that AGB stars may not be massive
enough to efficiently dredge enough carbon up to the circumstellar envelope if the region is
too metal-poor. Hence, the Galactic halo contains more O-rich PNe. It follows that the C-rich
PNe in the halo are expected to have originated from elsewhere. The origins of three of the
four sources investigated in the halo sample can be accounted for, whereas those of the C-rich
halo PN H4-1 are unclear; its location does not coincide with the Sagittarius stream as with
BoBn-1, and it does not originate from a globular cluster like K648 and GJJC-1.
There is also a greater chance to find a greater diversity of C-rich dust emission from
around PNe in low metallicity regions than elsewhere, as explained below.
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7.2.2 Diversity of large organic molecules
PAHs remained the most commonly observed carbonaceous emission features towards the
Galactic anti-centre and halo, whereas SiC, fullerenes and the 30 µm features were detected
in ∼ 20% of the anti-centre sample. All of the fullerene sources in this sample also showed
the 30 µm feature, and many of these also showed SiC.
Of the PAH emission from the anti-centre sample, each of the 6.2, 7.7 and 8.6 µm features
were of Classes A and B (as defined by Peeters et al. 2002), which are typical for those
observed in PNe. The PAH profiles observed from the Galactic halo sample are distinctly
different in some cases, as until now Class D emission (Matsuura et al., 2014) has only been
observed from samples of PNe in the Magellanic Clouds. Hence, PAH emission of Class D is
likely to be linked to regions with a particularly low metallicity. The two sources showing
PAHs with these emission profiles are those located within globular clusters, which may also
contribute to the origins of this profile.
The decomposition of the broad 7–9 µm PAH complex has been carried out for the first
time with the anti-centre PNe. This has shown correlations which correspond with both
quiescent (8.2 and 8.6 µm) and irradiated (7.6 and 8.6 µm) PDRs.
Regarding the environments in which fullerene features are observed, the [O I] 146 µm
and [C II] 158 µm emission lines were used to predict the PDR densities from a model of these
regions around C-rich evolved stars; similar G0 and nH values were obtained for the three
PNe in which these quantities could be measured. The hydrogen density values are on the
lower end of those expected for the PDRs around PNe, in accordance with Bernard-Salas and
Tielens (2005). This may suggest that fullerenes are prefentially formed in PDRs where the
hydrogen density is low, and hence the bottom-up fullerene formation mechanism of closed
network growth cannot explain the formation of these molecules in situ. The low hydrogen
densities of these environments are similar to those in which fullerenes were originally formed
from the study of Kroto et al. (1985). The G0 values of these sources were typical for PNe,
suggesting that there is no relationship between the presence of fullerenes and the UV flux
within a PDR.
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7.3 Future work
7.3.1 The immediate future
Studies of the circumstellar gas around PNe provide accurate abundances for particular
elements. However, the application of these abundances to studies of the Galactic metallicity
gradient are somewhat inhibited by the large uncertainties attributed to the distances of these
sources. Recently, the second data release of Gaia has provided parallax measurements for
many Galactic sources, allowing for the refinement of these gradients.
While we wait for the launch of JWST, the archival data from Spitzer and ISO can be
used to study the fractions of the total IR flux from features such as those from PAHs, SiC,
fullerenes and the 30 µm feature, and how these features evolve with the star. This will
be important for understanding the evolutionary links in the short, but important, transition
period in which an AGB star becomes a planetary nebula.
A SOFIA proposal has been accepted to expand on the investigation into the physical
conditions of PDRs around Galactic fullerene-containing PNe (PI: J. Cami), with the addition
of two more sources to be observed with FIFI-LS (K3-62 and Hen 2-68). Photometric data
for these PNe are also due to be obtained from the High-resolution Airborne Wideband
Camera-plus (HAWC+) instrument, which takes diffraction-limited images in five wavelength
bands between 50 and 240 µm; together with the FIFI-LS data, better estimates for the
far-IR flux values of these PNe can be obtained by further constraining the Rayleigh-Jeans fit
(Fλ ∝ λ−4) at redder wavelengths. From this, we can obtain more accurate values for G0, and
hence the ultraviolet radiation fields in the PDR can be further constrained, leading to a better
understanding of the processing of organic molecules. These values can also be used in PDR
models for improved calculations of nH in these environments, improving our understanding
of the physical conditions in these regions.
The study of dust emission in low metallicity regions of the Milky Way has been a major
focus of this thesis. While this has all been written in the context of the mid-IR features of
PAHs, fullerenes etc. around evolved stars, dust grains emit in a variety of environments.
7.3 Future work 177
For instance, protoplanetary disks show variations of PAH profiles similar to those observed
around PNe (e.g. Berné et al. 2009; Seok and Li 2017). Hence, studies of dust emission
around PNe can be extrapolated to various types of sources.
While not a focus of this thesis, a major question in astronomy regards the origins of dust.
AGB stars are important contributors of interstellar dust, although there are other contributing
sources such as supernovae and red supergiants (e.g. Boyer et al. 2012; Dharmawardena
et al. 2018). To better understand the contributions from AGB stars, mass-loss rates are
required; these can be inferred from sub-millimetre studies of the CO molecule, which can
be observed from AGB envelopes with the Atacama Large Millimeter/submillimeter Array
(ALMA). These studies can be extended to examining how mass-loss changes as a function
of metallicity.
7.3.2 Longer term
The next few years promise significant advances in spectral resolution and sensitivity, allowing
more in-depth infrared studies of sources in the Milky Way and the Local Group of galaxies,
and providing the resources to investigate PNe at greater distances.
In particular, the James Webb Space Telescope (JWST), which is due for launch in March
2021 (at time of writing), will be able to observe at wavelengths of 0.6 to 28 µm, with a
spectral resolution of R ∼ 1000 for the Near-Infrared Spectrograph (NIRSpec, 0.6–5 µm)
and R ∼ 100 or 1500–3200 for the Mid-Infrared Instrument (MIRI, 5–28 µm). With its
increased sensitivity over Spitzer, JWST will be able to carry out abundance and dust studies
in more distant sources, enabling coverage of a broader range of parameter space. The near-IR
wavelength range provides access to emission such as the 3.3 and 3.4 µm PAH and HAC
features, enabling us to study how aliphatic and arophatic compounds (i.e. consisting of both
rings and chains) evolve into aromatic structures in astronomical environments (e.g. García-
Hernández et al. 2010; Micelotta et al. 2012; Scott and Duley 1996). JWST will also have
IFU capabilities; NIRSpec offers a 3′′ × 3′′ field of view, whereas MIRI has four IFUs, with
fields of view ranging from 3.9′′ × 3.9′′ to 7.7′′ × 7.7′′. Hence, for the first time Galactic PNe
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can be spatially resolved at mid-IR wavelengths, allowing for the mapping of dust emission
and providing the means to interpret how the dust evolves as a function of the local physical
conditions traced by the gas.
The Space Infrared Telescope for Cosmology and Astrophysics (SPICA) is currently one of
three candidates for the fifth medium-class mission run by the European Space Agency (ESA),
as part of its Cosmic Vision program. It has been proposed that SPICA will launch (pending
acceptance) in 2032. Its main science goals are to investigate the evolution of galaxies up to
redshifts of z ∼ 3, and to observe features for molecules such as water, CO, H2 and those
attributed to dust in proto-planetary disks. The instruments that are of particular interest to
PN studies are the SPICA Far-Infrared Instrument (SAFARI) and the SPICA Mid-Infrared
Instrument (SMI). SAFARI has a spectral wavelength range of 34–230 µm with R ∼ 300 in
low-resolution and R ∼ 3000–11000 in high-resolution, whereas the SMI obtains spectra
from 12–36 µm, reaching a maximum sensitivity of a few µJy and a resolution as high as
R ∼ 28000 1. Hence, SPICA will be able to determine the physical conditions in the PDRs
of more distant PNe, which can provide a deeper understanding on the regions in which
molecules and dust reside. The PDRs can be spatially mapped from the cooling line emission
with even greater resolution than SOFIA currently offers. Dust will also be detectable at
higher redshifts, which will be useful in determining its formation and evolution as galaxies
evolve.
7.4 Concluding remarks
This thesis has shown that studies of the chemical composition of circumstellar material
around PNe are important, as they probe the history of the local stellar environments. Most of
the observed ionic emission originates from the outbursts of massive stars (e.g. supernovae),
and the dust composition is largely dependent on the metallicity of the environment.
JWST will revolutionise the study of gas, dust and molecules in circumstellar environments,
with its ability to physically map the dust emission in AGB stars and PNe within the Galaxy,
1http://www.spica-mission.org/index.html
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while also being able to detect the dust emission in local extragalactic sources. If SPICA
is approved, it will greatly enhance our knowledge of the physical conditions in which the
diversity of carbonaceous dust emission can be located in the photodissociation regions of
PNe.
Much of the material in the interstellar medium has been produced from evolved stars.
Hence, by studying the molecules, gas and dust in the circumstellar envelopes of AGB stars
and PNe, we are learning about the material that enriches the ISM. Here, this material can
contribute to the formation of new stars, which can be traced by the emission of PAHs in these
interstellar environments. The applications of the science carried out on this circumstellar
material are far-reaching and may benefit many areas of astronomy.
Appendix A
Spitzer IRS spectra of Galactic
anti-centre PNe
The spectra of the 23 PNe analysed in Chapters 2 and 3 are shown in Figure A.1. The full
5–37 µm spectra are shown on the left of the figure, which include SL, SH and LH data. The
SL data are shown on the right.
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Fig. A.1 The 5–37 µm spectra of each of the 23 PNe. Dashed lines show a selection of
strong atomic lines: 6.99 µm [Ar II]; 8.99 µm [Ar III]; 10.51 µm [S IV]; 15.56 µm [Ne III];
25.89 µm [O IV]; 33.48 µm [S III]. Continued over next two pages.
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Fig. A.1 (Continued)
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Fig. A.1 (Continued)
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